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PREFACE. 



Tuis is an attempt to put before non-mathematical readers 
a method of studying mechanics. The student will not 
benefit much by merely reading the book, nor will he 
benefit much even if lie supplements his reading by 
listening to lectures on mechanics ; but I believe that if 
by means of lectures he obtains a thorough comprehen- 
sion of the book, and th^i makes common-sense experi- 
ments with the simple i^paratus which is to be found 
even in the poorest laboratories, but which has hitherto 
been used merely to illustrate lectures ; if, in fact, he 
uses this book to study mechanics in the manner 
herein recommended, he will gain in a short time such a 
working knowledge of the subject as will well repay his 
labour. I am quite sure also that the mental training 
acquired in this way is of a kind not inferior to that the 
belief in which retains in our schools the study of 
ancient classics and Euclid. 

The principle of my method is one which I have 
tested in practice during the last twelve years, in an 
English Public School, at the Imperial College of 
Engineering in Japan, and in other places. It is simply 
the practical recognition of the fact that all experiment- 
ing must be qMantitative. It may exercise \J[ie \?otA^x 
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of a child, it may please liis senses to see certain well- 
known lecture illustrations which are but little better 
than tricks, and possibly for young children there may 
be great instruction in such exhibitions, but they con- 
tain no instruction for thinking men who can obtain 
sufficient amusement elsewhere. Our subject must be 
studied through quantitative experiments, and when this 
method of study is adopted it is but of little consequence 
at what part of the subject the student begins, so long as 
he begins from his own natural standpoint, the stand- 
point given him by all his experienca 

The primary fact in technical education not yet 
sufficiently recognised is this — that illiterate men often 
acquire and possess a useful knowledge of the principles 
imderlying their trade. But the theory usually acted upon 
is that a man must be quite ignorant of the principles 
of his trade unless he has been led up to them through 
weary years' study of the elementary principles of science. 
On the contrary, the wise apprentice sees for himself 
that some illiterate journeyman gets good wages, is well 
thought of by his master, is able to do his work better, 
perhaps, than any other man in the shop, can be trusted 
in emergencies, ^Jid has a conMence in himself which 
experience justifies; and the apprentice feels that 
although the journeyman might be a better workman if 
he knew the elementary principles of science, still, some- 
how or other, he has gained an exact knowledge of those 
more complicated laws with which he has to deal in his 
trade. 



PBEFAC& VU 

It is good for a man to know the well-established 
elementaiy principles of science, to which all complicated 
laws can be reduced ; this enables him to compare his 
own experience with that of all other people, and enables 
him to make better use of his own observations in the 
future. 

In giving this knowledge, however, the usual plan of 
operations is to act on the assumption that the man 
knows nothing, because he did not begin his previous 
study with Euclid's axioms, and to teach him the elemen- 
tary principles as schoolboys of no experience are taught. 
Now, the standpoint of an experienced workman in the 
nineteenth century is very different from that of an 
Alexandrian philosopher or of an English schoolboy, and 
many men who energetically begin the study of Euclid 
give it up after a year or two in disgust^ because at the 
end they have only arrived at results which they knew 
experimentally long ago. 

I am inclined to believe that if, instead of forcing the 
workman to study like a schoolboy, we were to teach the 
boy as if he had already acquired some of the experience 
of the workman, and made it our business to give hiLn 
this experience, we should do better than at present. 
That is, let the boy work in wood and metal, let him 
gain experience in the use of machines, let him use 
drawing instruments and scales, and you put him in a 
condition to understand and appreciate the truth of the 
fundamental laws of nature, such a condition as boys 
osoally arrive at only after years of studj. 1^ ^& 
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true he may regard the 47th proposition of the First Book 
of Euclid as axiomatic; he may think the important 
propositions in the Sixth Book as easy to believe in as 
those or the First ; he may have greater doubts as to 
the universal truth of these propositions than mathe- 
maticians usually have ; but it is possible that iliese 
evils are not unmixed with good.' 

The readers of this book are supposed to have some 
previous knowledge of the behaviour of materials and 
machinery. My aim is to give the student such a 
training as will cause him to think exactly, to give him a 
method of studying whatever phenomena happen to come 
before his eyes. Phenomena which, when carele^ssly 
considered in the light of elementary principles, appear 
to follow complicated laws are often found to follow 
approximately simple laws of their own. A man who 
knows these roughly correct laws is in a good position 
for learning the fundamental principles of mechanics; 
but his teacher must try to view the subject from his 
student's standpoint, else he cannot take advantage oi 
the fact that his pupil may already possess an excellent 
foundation on which a superstructure of knowledge may 
be biiilt. I believe that the most illiterate men may be 
rapidly taught practical mechanics if we take the right 
way to teach them — approach the subject firom their 
point of view rather than compel them to approach it 
from ours. 

In a book which is to be used as a general class book 
by boys and men it is impossible to assume that tha 
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reader has an exteiudye previous practical acquaintance 
with natural phenomena ; but it will be seen that some 
such past experience is assumed, much more than is 
usually ascribed to the ordinary student of medhanics. 
Moreover, he is credited with the possession of common 
sense, and with the feeling that all human knowledge, 
instinctive and rational, is the result of experience. 

There is much in this book which may seem new to 

the reader, but inasmuch as I have been, and still am, a 

student) and as no man can go through life without 

gathering to himself and regarding as his own many 

notions of other men, it is probable that there is nothing 

here, either in the matter or method, which is wholly my 

own. My partnership in scientific work with Professor 

Ayrton during the last seven years would in itself preclude 

any thought of such ownei'ship. For the treatment of 

some parts of the subject I know that I am indebted to 

my recollection of the lectures of Professor James 

Thomson, delivered when I was one of his students 

fouiteen years ago. How much is owing to Sir William 

Thomson, to Thomson and Tait, and to Professor Ball it 

^ quite impossible to say. 

For the careful correction of proofs I have to thank 
^y assistant, Mr. William Robinson, M.E., who has taken 
*s much pains to eliminate numerical errors, puzzling 
^^Utences, and crudities of language as if the book had 
"^^^n his own. 

JOHN PERRY. 

Tl, Queen Street, London, E,C, 
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It is the most natural thing in the world to be angry 
when our prejudices are insulted ; and men who have 
somehow acquired a prejudice for a lifeless method of 
teaching have the right to be angry at the principles 
enunciated in the preface to the first edition of this book. 
To the two authors of the three unfavourable criticisms 
which the book has received I can offer no hope of my 
conversion from my heretical opinions, and I must meekly 
face these inquisitors again. In even the commonest 
phrases I use the heresy makes its appearance. I agree 
with them that the heresy is one of a dangerous kind. The 
rapid sale of a first edition argues many followers ; and now 
that I have eliminated some of the errors which invariably 
attend a reform, there is a possibility that even greater 
danger may attend the publication of this second edition. 

Like Newton's third law of motion, and like the second 
law of thermodynamics, the heresy in which I am found 
to be a guilty believer may be put in another form from 
that in which I have already enunciated it. I believe 
that the scientific work of the future will be done by the 
masses working under leaders, these leaders doing some- 
thing more than attacking problems single-handed in their 
studies ; that the education of these leaders has alreadv 
had sufficient attention paid to it ; and that we are in 
immediate need of special methods of education for their 
followers. 

One of my critics would tell an army of men that 
each of them must have expensive armour and must be 
educated like a knight-errant, else he may not fight in 
the battle against the forces of nature. I say that 
undei* experienced leaders, and armed with instruments 
of precision whose construction and use they understand, 
a body of men, possessing common sense, becomes a 
powerful engine of attack against the forces of nature. 
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CHAPTER L 

INTRODUCTORY. 

1. What I expect the reader to know already. — In 

this book I mean to consider the principles of mechanics 
as they are applied in many trades. It is important that 
I should state in the beginning what is the amount of 
knowledge which I expect my reader to be possessed of 
beforehand. 

In the first place, he must know the meaning of 
decvmaU in arithmetic. It is a very strange thing that 
the meaning of a decimal, which might easily be taught 
to children before they begin addition, is usually regarded 
as a part of arithmetic which ought to come after vulgar 
fractions. Secondly, my reader must own a box of 
drawing instruments ; he must be able to set off at once 
any angle when it is stated in degrees ; he must be able 
to draw a triangle to any scale when one side and two y 
angles, or two sides and one angle, or when thiee sides 
are given to him : in fact, he must know as much of 
the use of drawing instruments and of the use of a 
scale as a good teacher can give him in one lesson. 
Thirdly, he must be aware of the fact that a letter of the 
alphabet or any other symbol may be used to represent 
a physical magnitude. Probably there is nothing more 
annoying to the person who attempts to give lessons in 
applied science than the fact thai few workmen know 
the meaning of the simple symbols + — x -f- V. Even 
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when they are aware of the meaning of theae symbol 
they will often get frightened at a mat^iematical ex 
pression, although, if they spent one hour in learning th 
meanings of such expressions they would never fee 
afraid of them again. A mathematical expression i 
simply a very concise way of writing a rule. There ar 
many books of rules, such as Molesworth's, and an; 
workman who knows decimals in arithmetic might b 
able to use every rule in Molesworth with an hour' 
study ; but he never attempts to learn the key to thes 
secrets, and when he goes to a teacher, it is usually for i 
long dry course in algebra which he does not really need 
Please remember that very few men who use a book o 
logarithms know how a logarithm is calculated ; and jus 
as a man may use a watch or a slide rule, or any othe 
calculating machine, who does not know how to mak 
one, so you may be able to calculate from a mathematica 
formula, although you do not know how it has beei 
arrived at. I expect that the reason why men hav 
so little practical knowledge of such matters, lie 
in the fact that their teachers know only one wa; 
of studying — the way in which they themselves hav 
been taught — the way of the Universities, which ha 
unfortunately become crystallised in England, and is no^ 
in use in Science Classes. It is forgotten that practicj 
men have an experience and an amount of common sens 
which children have not, and there is a way of givin 
new ideas to men which we cannot employ with childrei 
This brings me to my fourth requirement, namely, th£ 
my reader must know the elementary principles < 
mechanics. If his acquaintance with mechanics is merel 
derived from books or lectures, he has not the knowled^ 
of which I speak. He cannot know the parallelogram ( 
forces till he has proved the truth of the law half a doze 
times experimentally with his own hands. I have m( 
with men who, when given two sides of a triangle i 
inches, and the angle between them in degrees, coul 
calculate readilv the length of the third side and tl 
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lie other angles of tbe triangle, ai 
ed with their instruments aod ^ 

whether their calculations were correct. Such is not tlie 
sort of knowledge which I want my readers to have. 
1 "want them to thinic of things as being measurable, of 
laws as statements which ought to be submitted to ths 
teat of their own esperinienta, however rough, before 
they are accepted as trua 

3. Eqnilibrimii of Forces. — Take as an example the 
law caJled " the triangle of forces " — if three forces act 
on a sDiaJl body, and just keep it at rest ; then if we 
draw on a sheet of papur 
ttree straight lines paral- 
lel to the directions of 
the three forces, and let 
lliem form a triangle, in 
soch a way that arrow- 
Leads representing the 
directions of the force 
go round the triangle ii 
tie same way, it will be i 
fonnd that the lengths of 
the sides of the triangle 
we pi'Oportional to the 
wnoiinta of the forces. 
Kow the statement of 
liis law has very little 
meaning to the student 
Until he gets three strings 

tod three weights, as in "Fig. 1, and by means of pul- I 
leys allows the etrings to pull at a small body, p, all at the 1 
tome time. But when, after all sorts of trials of difl'erent 
"Bglits and different positions of the small body, he finds 
tto even his rough tests of the law prove to be satisfactory 
Wery time, he has obtained an exact notion of what tlie 
Uw means, which he can never lose again. If, instead of 
three forces, he lets foui- or more forces act upon the smaJlj 
body, and, when they balance one another, he draws straigjitr 
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lines panillel to the directions of the forces and represen 
ing their amounts, according to any scale he pleases, takin 
care that, in whatever order he draws them, the arrow 
heads run all in the same sense, he will draw a polygon 
he will find the polygon to be closed and complete when 
he finishes, and he will prove roughly the law of "the 
polygon of forces." He will at once see that the triangle 
of forces is merely a simple case of the more general 
polygon of forces. 

3. Our one Theory insuffieient. — ^Now, no reasoning 
man can make these trials without finding that there is 
a great deal to be observed beyond what his teacher or 

his book has taught him. A force has 
been represented by the pull in a string 
passing over a little pulley with a weight 
at its end. He finds that as his pulley 
works more easily, and as its pivoli 
are better oiled, his proof of the law is 
better and better : in fact, he finds that 
the pull in a string is not exactly the 
same on tl.e two sides of a pulley. If 
he takes one pulley and one string, and 
two weights, called a and b. Fig. 2, at 
its er.ds, he will find that there is equi- 
librium even when the two weights are 
not exactly equal. If A is slightly 
greater than b, and he increases the 
weight of A till it is just able to over- 
come B, then the difference between the 
weights represents what may be called 
the friction of the pulley. If now he 
increases the weights which he uses, he will find that the 
friction is proportionately increased, and he will get to 
understand that this is a general law in machinery: 
" friction is proportional to load." Again, he sees that 
this friction, which is a resistance experienced in the 
rubbing together of any two surfaces, is a force which 
always opposes motion, a}ways 'acts against the stronger 
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infliiencb. Suppose, for es&mple, thftt he found tiiat ft 
weight of 5-1 ounces was jurt able to orercome a weight 
of 5 OQDces ; he will find th&t a weight of about 4*9 
ounces will just be overcome by & weight of 5 ounces, 
and chat there is equilibrium with 5 ounces and bmj weight 
varying from 5] to 4-9. Priction is then a re- 
listing force, which always helps the 
weaker to produce a balance. 
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FRICTION IN 

4. Law of Work.- — Take any machiae, from a sim 
pulley to the moat complicated mechauism. Let a weig 
A, hung from a cord round a grooved pulley or axle in » 
part of the mechanism, balance 
another weight, b, hung from t 
cord round another axle orpulley , 
somewhere else. In Fig. 3 we have 1 
imagined that the mechanism is | 
enclosed in a box, and only the I 
two axles in question make their 
appearance. Uow move the me- 
chanism so that A falls and b rises, 
and observe their motions. Sup- 
pose thatwheii a falls 1 foot B rises 
20 feet, then if there were no 
&ictioD in the machine a weight 
at A is exactly balanced by one- 
twentieth of this weight at B. 
This is the law which you will find 
proved in hooks on mechanics. 
The reason why it is true is this. 
The work or mechanical energy 
given ov.t by a body in falling is measured by 1 
weight of the body multiplied into the distance throi 
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which it falls. It is in this way that we get the enei 
derivable from the fall of a certain quantity of water 
down a waterfall, and it is in this way that we find out 
whether a certain waterfall gives out enough power tc^^^ 
drive a mill (see Glossary). Similarly the ener[ 
given to a body when we raise it, is measured by th( 
weight of the body multiplied by the vertical height 
through which it is raised. Now every experiment we 
can make shows that energy is indestructible, and con- 
sequently, if I gi^e energy to a machine, and find that none 
remains in it, it must all have been given out by the 
machine. Therefore the energy given out by A in falling 
slowly must be equal to the energy received by b in 
rising, and as A falls 1 foot wJien B rises 20 feet, the 
weight of A must be twenty times the weight of b. If, 
then, there were no friction in the machine, and if a 
weight of 20 lbs. were hung at a and a weight of 1 lb. 
at B, we should find that if we start A downwards or 
upwards there will be a steady motion produced. Any 
excess at A will cause it to overcome b, the weights 
moving more and more quickly as th^ motion continues. 

Now, in our machine. Fig. 3, we can always find by 
trial what is the velocity ratio; that is, the speed of B 
as compared with the speed of A. But when we try to 
balance a weight at b by a weight at A, we find that the 
above relation is quite untrue. Hang a weight of 1 IB. 
at b, hang a weight of 20 lbs. at a, there is certainly a 
balance, but when we have somewhat less or more than 
20 lbs. at A there still is balance. The reason for this is, 
that there is friction in the mechanism, and this friction 
always tends to resist motion, always acts against the 
stronger influence. 

5. Effect of Friction. — ^We shall now proceed to find 
out in what way friction modifies the law given in the 
books which I have just spoken about. You must make 
actual experiments with some machine, if you are to get 
any good from your reading. Hang on a weight, b, and 
find the weighty a, which will just cause a slow, steady 
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iQotion. Do this when a number of different weights 

are placed at B. Now, suppose you have measured the 

^'elocity ratio, that is, suppose you find that B rises four 

tides more rapidly than A falls. Then, according to the 

^Hjoks, there would be an exact balance if A were four 

*inies the weight of B. On actual trial, however, I find 

**>^ a special case the following table of values • — 

A overcomes B when 
A is 23*4 ounces and B is 6 ounces 
„ 44-7 „ „ 10 „ 



„ 65 '4 „ „ 16 „ 

„ 86-8 „ „ 20 „ 

„ 107-6 „ „ 26 „ 

„ 128*8 „ „ 30 „ 

„ 149*6 „ „ 35 

„ 171-0 „ „ 40 „ 



But if there had been no friction in the first expen*- 

icnt, A would have been 20 ounces instead of ::!3**, 

*ience the friction is represented by this 3*4 ounces For 

^'v-ery experiment let this be done, subtract four times 

^ from A and call this difference the friction. Now how 

^^all we compare this friction with the corresponding load ? 

6. The use of Squared Paper. — And here we come to 

^- matter of the greatest importance to the practical man, 

^J^liich the old-fashioned- books on mechanics and old- 

^*^shioned teachers of Science Classes seem not to know 

'^^^ything about. How do we practically compare two 

filings whose values depend on one another 1 How do 

"^^« find out the law of their dependence 1 It is a strange 

^^^t that there should be a class in the community who 

'^^ve a little difficulty in manipulating decimals in arith- 

^^etic, but it is almost a stranger evidence of neglected 

^^iucation that so many people should be ignorant of the 

Si'eat uses to which a sheet of squared paper may be put. 

A sheet of squared paper can be bought very cheaply. 

"lt> has a great number of horizontal lines at equal 

^iistances apart, and these are crossed by a great number 

^^ vertical lines of the same kind, so that the sheet ia 
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covered with little Bqoarea. This sheet will enable me 
first of till to correct for errors of observation in the above 



seriea of experiments ; and, secondly, to discover the la 
which I am in search ot A miniature drawing is shp^ 
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in Fig. 4, many lines being left out because of the 
difficulties of wood-cutting. At the bottom left hand 
comer I place the figure 0, and I write 10, 20, &c., to 
indicate the number of squares along the line, A. In- 
stead of 10, 20, &C., I might write 1, 2, Ac., or 100, 200, 
ifec, according to the scale I am going to use. Indeed, 
on account of the friction being so tnuch less • than the 
weight A with which it is to be compared, I number the 
squares along the vertical line p by 1, 2, <kc. instead of 
10, 20, (fee. We can employ any scale we please in repre- 
senting either of the things to be compared, and it is usual 
to multiply all the numbers of one kind by some number, 
«o as to represent all our experiments on one sheet of paper, 
^uid on as much of this sheet as possible. Having sub- 
tracted four times B from A, I find the following numbers: — 



A. 


Friction. 


A. 


Friction. 


23-4 . 


. 3-4 


107-5 . 


. 7-6 


44-7 . 


. 4-7 


128-8. 


. 8-8 


66-4 . 


. 6-4 


149-6 . 


. 9-6 


86-8 . 


. 6-8 


1710 . 


. U'O 



now find on my sheet of paper the point p, which is 

\'4c horizontally and 3*4 vertically, and mark it with a 

<5xx)ss in pencil. Q is 44*7 horizontally and 4*7 vertically, 

cioid so for the others. The last point, w, is 171 

liorizontally and 11*0 vertically. We guess at the 

<3lecimal part of a small square. The point P represents 

my first experiment, and every other point represents one 

experiment. Now we are certain that if there is any 

simple law connecting load and friction, the points p, q, to 

W, He in a simple curve or in a straight line. You see that, 

in this case, no simple curve will suit the points ; they 

Would evidently lie in a straight line, only that we made 

some errors of observation. You must now find what 

straight line lies most evenly among all the points ; this 

you can do by means of a ruler or a fine stretched string, 

and the line m n seems to me to answer best. It tells 

me, for instance, that when a is 44 -7 the friction is really 

i'5, instead of 4*7. Take any point in tba VkLt^, \Xa 
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vertical meaBurement gives me the true friction c 
ponding to a load represented by its horizontal mei 
ment Thus, for instance, you see that frictioi 
corresponds to load 55. 

This is a simple way of correcting errors mac 
experiments, but you cannot hope to understand n 
about it till you actually make experiments and use 
squared pai)er. You will find the matter all very sin 
when you try for yourself ; my description of it is as c 
plicated as if I were teaching you to walk. 

7. If, at any time, you make a number of measu 
ments of two variable things which have some relation 
one another, plot them on a sheet of squared paper, & 
correct by using a flexible strip of wood or a nder, 
draw an easy curve or a straight line so that it pass 
nearly through all the points. If the line is straight, tl 
law connecting the two things will prove to be a ver 
simple one. In the present case it means that an^ 
increase in the load is accompanied by a proportionate 
increase in the amount of friction. Thus, when the loac 
is 0, the friction is 2*3 ; when the load is 100, the f lictioi 
is 7*2. That is, when the load increases by 100 thi 
friction increases by 4*9, so that the increased friction if 
always the fraction, '049, of the increased load. In foct 
it is evident that we can calculate the friction at an] 
time from the rule 

Friction = 2-3 + -049 A. 

Tlaat is, multiply the load A in ounces by '049, and adc 
2-3, the answer is the friction. 

8. Law of Friction. — Our result is that the total frio 
tion is equal to the friction, 2*3, of the machine unloaded, 
together with a constant fraction, 049, of the load. Noir 
when a similar series of experiments is tried on any 
machine, be it a watch or clock, or be it a great steam 
engine, we always find a similar simple law. 

If you clean all the bearings or pivots, or if you use t 
different kind of lubricator, you will get other values foi 
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the two numbers in the above rule, but the law will 
remain of the same simple kind. 

9. Force of Friction. — We have in all this used the 
term " friction," or the term " effect of friction," to mean 
fcte difference between the weight which would balance 
another through the mechanism if there were no resist- 
wice to the rubbing of surfaces, and the weight which 
^nll just overcome the other when there is such resist- 
ance to rubbing of surfaces. At any rubbing surface 
ftere is a force of friction which is proportional to 
the pressure between the surfaces. At the rubbing 
surface itself we can speak of this force of friction^ 
but when we speak generally of the whole friction 
of a machine, we are speaking, not of the force of 
Action at any one surface, for this is different probably 
from the force of friction at any other rubbing surface, 
^ut we speak of an effect which is produced, somehow, 
^y the friction everywhere in the machine, wherever there 
is a pivot, and wherever the tooth of one wheel rubs on 
another. 

10. Loss of Energy due to Friction. — Thus, in the 
simple case with which we began (Art 3), the difference 
of pull in a cord on the two sides of a pulley was 
what we called the friction of the arrangement, whereas, 
really, the friction takes place at every point of the 
pivot where rubbing occurs, and the force at one point 
may not be the same as the force at another point. 
Again, any force acting in the cord has a greater lever- 

' age about the axis than any of the forces of friction 
has. The real connection between the two things is, 
then, this : what we have generally called " the effect of 
friction," or " the friction of the an^angement," multiplied 
by the velocity of the cord on which it is measured, is 
equal to the sum of all such products as the friction at 
any point in a rubbing surface multiplied by the velocity 
of rubbing. In fact, if the weight a in falling cause the 
weight B to rise, the work done by a is greater than 
the work done on b by an amount which is called the 
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work lost in friction, and this is the work done againsl. 
the forces of friction at aU the rubbing surfaces. 

If we know the force of friction at any place, w^ 
pounds, and the distance, in feet, through which this* 
force is overcome, that is, the distance through which, 
rubbing has occurred, the product of force by distance 
measures the work or energy spent in overcoming friction, 
in what is called foot-pounds. This energy is aU wasted, 
or, rather, it is all changed into heat and does not come 
out of the machine as mechanical work, the shape in 
which it was when we put it into the machine. And 
inasmuch as no machine can be constructed which will 
move without friction, we never get out of a machine as 
much mechanical work as we put into it. 

11. Friction at Bearings of Shafts. — ^At almost 
every rubbing surface which you can consider, the force 
of friction is different at every point of the surface, and 
it is generally acting in different directions at different 

points. Consider, for example, s 
horizontal shaft and its bearing (Fig. 
5). The force of friction at c, per 
square inch of area of rubbing sur- 
face, is probably not the same as at 
A. A very little difference in the 
size of the shaft or its bearing will 
cause a considerable difference in the 
pressure per square inch at c or at A. 
Now the force of friction at c, multiplied by the velocity 
of rubbing, gives the work or energy lost per second in 
friction at c ; and this, added to the energy lost at every 
other place where rubbing occurs, gives the total loss of 
energy per second at all the points. It is not, then, a 
simple matter to investigate the force of friction at every 
point of such a bearing ; and the rigidity of the metal, 
and a number of other important matters, must be taken 
into account in investigating the force of friction eveiy- 
where when the shaft is transmitting different amounts 
of power. As we have already seen, however, experiment 
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tliat the energy lost in friction for a certain 
amount of motion increases proportionately with tlie 
energy actually transmitted by the shaft Keeping in 
mind, then, the general law — "the force of friction is 
proportional to load" — it is easy to see how to reduce 
the frictional loss in any machine. For instance, when a 
wheel is transmitting power, the load on the rubbing 
surfaces of its bearings or pivots depends on the power 
transmitted. Now, the actual force of friction at the 
rubbing surface is about the same, whatever be the size 
of the bearing ; but the distance through which rubbing 
occurs when the wheel makes one revolution is less as we 
have a less diameter of bearing ; in fact, the force of 
friction, multiplied by the circumference of a cylindric 
bearing, is the energy in foot-pounds lost in one revolu- 
tion. Our rule is, then, to make this diameter as small 
as possible, consistently with sufficient strength. The 
wheel of a carriage is made large, and the axle, where 
rubbing occurs, is made as small as possible, because in 
this way the carriage moves over a great distance for 
a small amount of rubbing. There is another reason, 
however, for the use of large wheels in carriages on 
common roads — namely, their being better able to get 
over obstacles, such as stones. In some machines, where 
it is important that there should be very little friction at 
the bearings of axles, the axles are made to lie at each 
end, in the angle formed by two wheels with plain rims. 
The main axle rolls on these wheels, and it is only at the 
axles of the wheels that there is rubbing. This rubbing 
is a very slow motion, and as i^e force of friction is but 
little increased in consequence of the weights of the 
friction wheels, the energy lost in friction may be made 
very small in this way. 

12. If you compare the parallel motion which is still 
used in some large steam-engines to cause the piston-rod 
to move in a straight line, with the slide which is now so 
common, you will see that there is very much less loss 
of energy by friction when the parallel motion is em- 
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ployed because, whereas in the slide the rubbing mc 
is as much as the motion of the piston, in the par. 
motion rubbing only occurs at the pivots of the arrai 
ment. Unfortunately, this arrangement does not al 
the piston-rod end to move exactly in a straight line, & 
produces some friction between the piston and its cylind 
and between the piston-rod and stuffing-box; and it 
also much more costly and less compact than slide 
Hence slides are coming into general use. 

13. In quick-moving shafts, it is usual to make th 
journals or bearings longer in projwrtion to their diamete 
than in slow-moving shafts. This is rendered necessary 
by the fact that, as all the energy wasted through friction 
is converted into heat, when there is more power wasted 
in friction we ought to let the heat get away more 
rapidly. Giving greater rubbing surface has this effect. 
Also, as the materials are more abraded when the velocity 
is too great, lengthening the journal diminishes the pres- 
sure at every place, tending thus to counteract the effect 
of increased velocity. 

14. Mechanical Advantage. — In books on mechanics 
you will usually find that, when machines are described^ 
they are only considered in relation to their Mechanical 
Advantage. That is, suppose a small weight, P, usually 
called the powevy is able by means of the mechanism to 
cause a larger weighty w, to rise, the ratio of w to P is 
called the mechanical advantage. Now, in nearly all 
cases you will find that, when there is a mathematical in-* 
vestigation of a machine, the assumption is made that 
there is no friction. I have already shown you that the 
problem of taking friction into account is a very difficult 
one. But, as we have seen, a practical man can experi- 
ment on the efiect of friction, and obtain results which 
the mathematician never attempts to deduce ; and, 
happily for us, these results are generally very simple. 
Let the reader make a few experiments himself, or let 
him by means of squared paper find the relation between 
p and Q from the following results, taken from a crane 
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whose gearing was well oUed, and whose Iiandle was re- 
placed by a grooved wheel, round which was a 6ord sap- 
porting p : — 

w. p. 

Weight just Power just able 

Overcome. to OTercome Weight;, 

100 lbs ^6lbB. 

200 „ 12-8 „ 

300 „ 170 „ 

400 , 21-4 „ 

500 „ 26-6 ^ 

600 , 29-9 „ 

700 „ 34-2 „ 

800 „ 38-6 „ 

The weight capable of being lifted slowly by the ci^ane 
we call w. We found that p fell forty times as rapidly 
a& w rose, and you may have imagined that the me- 
chanical advantage was forty, or that a weight, p, could 
lift a weight, w, forty times as great as itself. This 
^ould be true if there were no friction ; but we see that 
in practice it is not the case. Plot the above values of 
P and w carefully on squared paper, and you wijl find that, if 
the weight w is increased 1 lb., P must be increased 0429 lb. ; 
and also that when w is 0, a power, p, of 4*21 lbs. is needed 
to cause a slow motion of the crane ; so that the law is 

p = 4-21 + -0429 w. 

Namely, multiply the weight w in pounds by the fraction 
•0429, and add 4*21 : the answer is the power required 
to lift w. When you have worked out this rule, employ 
it in finding how much power, p, is required to lift a ton 
with such a crane. Answer, 100 '3 lbs. 

15. Rate of doing Work — I have been using the 
word power in a very wrong sense in Art 14, because 
you will find it used in this way in books on mechanics. 
I have used it as a mere name for the weight p, which 
causes the weight w to rise. But the word power will 
be used by us in future in a very different sense. If 
a weight of 1,000 lbs. fall 100 feet in two minutes, 
it gives out 1,000 x 100, or 100,000 foot-fiounds oi 
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work in two minutes, or 60,000 foot-pounds of work iia 
one minute. Now, 33,000 foot-pounds of work don^ 
in one minute is called a liorse-power, and hence our- 
faUing weight gives out 50,000^33,000, or 1*5 horse- 
power. Ten horse-power means ten times 33,000 foot- 
pounds of work done in one minute. The idea, then, of 
power is an idea of work done in a certain time. 

16. Economical Efficiency. — Take any pair of 
numbers from the above table, say p = 8*5 lbs., when 
w= 100 lbs. Let us suppose that p is moving at the 
rate of forty feet per second, then we know that w is 
rising at the rate of one foot per second, p is giving 
out the power 8*5 x 40, or 340 foot-pounds per 
second ; w is receiving 100 foot-pounds per second 
The ratio of the power usefully employed to the power 
given to the machine is called the efficiency of the 
machine, so that our crane has an efficiency 100^340, 
or '294. Sometimes the efficiency is put in the form of 
a fraction; sometimes we say that it is 29*4 per cent., 
meaning that it employs usefully 2 9 4 per cent, of the 
work given to it. 

Now take another pair of numbers, say p = 38 '5, 
w ;= 800, and let p fall forty feet in one second, as 
before. We now get as our answer '519 — that is, more 
than half, or 51*9 per cent., of the power given to the 
crane is usefully employed. We see, then, that as the 
power given to the crane is gi^eater for a given speed, 
the efficiency is also greater. This arises from the fact 
that the friction of the unloaded crane is always entering 
into the calculation ; and if we take the case where no 
weight, w, is being lifted, and p must be 4 21 lbs., we shall 
find an efficiency, 0, because work is being given to the 
crane, and none is coming out usefully. You will always 
find that the power usefully given out is a certain fixed 
fraction of the total power given to the machine, minus 
the power required to drive the crane at the given speed 
when it is unloaded. Choose some speed, say that P falls 
forty feet per second; find the total power or 40 P; find 
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Ihe asefully employed power 1 x w for every case of the 
shOTB table. Plot your answers on squared paper, and 
jou will find this law : — / Poirw required to 

Total power = oseful power X 1-716 + \ ^S^j^^hJi 
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I 17. Blocks and Tackle — It is veiy good to have a 

general law telling us about machines in which there is 
Bofiiction, That lawyou now know. 
' file mechanical work given to a : ' 
j Kaeliims ia equal to tlie work given \ ' 
! <i>U by it, unless it is stored up in i 
tiw machme itself hy the coiling of a [■ 
ipring or in. some other way. But, " 
besides knowing the law itself, it ia 
ircU to know what it leads to in 
«rtain special cases. Take, for in- 
ttonoe, a pulley-block, Fig. 6. It is 
erident here that if we have three 
potleys in the block B, if the cord p ia 
pnLed gix inches, w will only rise one 
inch, and therefore p will balance six 
times its weight at W if there ia no 
friction. The mechanical advantage 
ia therefore six. 

18. Inclined Plane. — Ag)uii,take 
theinclinedplane, Fig. 7; w is a weight 
<4iich will roll down, the plane with- 
out friction, let us suppose; p is the 
poll in a cord which just prevents w 
jrom falling. The cord is parallel to 
tbe plane. Evidently when w rises from level a to level 
B the oord ia pulled the distance a b ; that is, w multiplied 
bf the height of the plane is eqtud to p multiplied hj 
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the length of the plane. Thus, if w i 
length of the plane 10 feet for a ria 




s 1,000 Iba 
! of 2 feet, 
times F i 
to 2,000, I 
200 lbs. 
19. The 

there is no 1 
inthescrewA. 

8, if it rise it 
weight say of 
lbs. Now, i 

turn it rises 1 
distance equal to its jAlch, that is, Ike ditt 
betiveen tvo threads. Say that the pitch is 02 1 
then when the screw 
makes one turn it 
does work on thi' 
weight 3,000 " -02. m- 
60 foot-pounds. Ikii 
to do this, p mnst i:A[ 
through a dist^iiRi.' 
equal to the circiiu]- 
ferenceof thcpulloy 
iiliout which I 
suppose the _ 
cord to be 
wound. Sup- 
pose the cir- 
cumference of 
the pulley to 
be G feet, then 
p multiplied by 
6 must be 60, or p is 10 lbs. The rule, then, I 
a screw is liiis — potoer vtuliiplied by circumferatce 
the pulley equals weight multiplied by pitch of sort 
It is not usual to have a pulley and a cord worki 
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'; it IB more usueU lo have a handle, and to push 
at right angles to the handle. Instead of the cir- 

mce of the pulley, we should take, 
le circumferenoe of the circle de- 
by the point whore the power is 
to the handle. 

reite. — A steam-engine gives to a 
tr Bhaft in one revolution 60,000 
inds of work; the pitch of the 
1 12 feeL What is the resistance 
motion of the vessal t Answer : 
iatance in pounds multiplied by 12 
le work done in overcoming this 
ce, and this work (leaving friction 
«o«nt)must be equalto60,000 foot- 
hence the resistance to the motion 
essel 13 5,000 lbs. (We have here 
1 that there ia no dip in the screw.) 
A differential pulley-block is 
in Fig. 9. When the chain A ia 
it turns the two pulleys, or ratJier 
Hey with two grooves, D and c. 
is a little smaller than B, so that, , 
b at D the chain is lifted, it i: 
at E. If the circumference o 
feet, and that of c is 1-99 foot, j 
hen A is pulled 2 feet, d is lifted j 
but Eis lowered 1-99 foot, hence ] 
ley F, although it will turn a con- 
e distance, win onlv rise -005 foot, 
J the weight w with it If w ia 
«., then 2,000 X ■005, or 10, must 
1 to P, the pull in A, multiplied by 
) p is 5 11)8., or a power of 5 lbs. ia 
of 2,000 lbs. The general rule, then, for the. 
tial pulley-block is, power ■niuttijilied by drmim- 
of larger groove B ia eqval to ineig/U multiplied by 
•.nee between the circujuferem-ea of t/ie tvx gtoow* 



Fi?. ft 
D lift a 
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B and C. You will find that this i*ule comes i 
thing — -power multiplied by diameter of B i 
weight multiplied by ^ t/ie difference between ih 
of B and c. The grooveis are furnished wit 
catch the links of the chain, so that there i 
slipping. 

21. Wheel and Axle. — ^If a and b, Fig. 1 
pulleys or drums on the same axis and ha 
round them, a small weight, p, hung from A, vi 

a larger weight, w, hung fron 
suppose that one complete tu 
to the axis, p falls a distance e 
circumference of A, whilst \^ 
distance equal to the circumfe 
Hence 

p. X circumference of a = 
cumference of b, 

or, what really comes to 
thing, 

p X diameter of A = w ) 
of b, 
or P X radius of A = w x r 

22. Equilibrium in one I 
In all the machines which 
hitherto considered, we c< 
motion without altering the 
Fig. 10. P a-Jid w, but there are man] 

in which the mechanical advan 
when motion is given. In such cases you w 
your general principle, but you must make yoi 
tion from a very small motion indeed. For ii 
the inclined plane, if the cord which prevents 1 
from falling is not parallel to the plane — say 
like M, Fig. 11 — you will find that the nece 
depends on the angle the cord makes with the pli 
suppose that the cord pulls the carriage from I 
iently the angle of the cord alters. The question 




that it rntty support w in the position shows i 

UK) We knon' that it will be ditTereut after a littieJ 

notion, but what is it now 1 Imagine such a very entalLS 

BotionfroKi i to o to occur that the angle of the cord doe» J 



Pig. 11, 

Otalterperoeptibly, andnow make a ningnified drawing ,1 
f 12. P has not fallen as ranch as t!ie distaiiee " 
ionlyfallenthedistanceia (coisjieqien- , *, 
iciilar to 6 a). In the meantime the weight \, \ 
Tw l)een lifted the distance k e. 
X k c ought to be equal to p 
\, if you measure i c and h a c 
lipiifieddmwingtoanyscaleyouwill 1 
e relation between p and w. Ajiothen 
'finding the same relationship is this. We know that | 
the weight of w acting downwards, the pull in 
the cord, and a force acting at right angles to 
the plane, are the three forces which keep w 
where it is. Diaw a triangle whose three sides 
are parallel to the dii-ectiona of these three forces, 
Fig. 13, with arrow-heads going round i 
same way ; then x and ?/ are in the proportion J 
N and e. Here we havi> used the principle (ailed "the] 
sat £qi:ixb" ^Mad i; 
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). Body taming about an Axie — lu Fig. Ui 
a budy wliiuli can move about sii axis. It is twU 
I hy a, nm 




Ffe. 1*. 



very small n 

tion either way causes tlie forces to no longer balun 
Suppose, liowever, you were to let tlje cord A be y onad 
a [lulley wlio 




n tiie balnuce. Now what ia the condition of balance 
this case J Suppose one complete turn given to tha a; 
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eveij cord shortens or lengthens by a distance equal to the 
circumference of the pulley on which it is wound. Let 
A and B lengthen, and let c shorten, then we know that 
the work done by a and B must be equal to the work 
against o. Hence, 



Pull in A X circumference of a's pulley, together with 
pull in B X circumference of b's pulley, must be 
equal to pull in c x circumference of c's pulley. 

We might, however, use the diameters or radii of the 
pulleys, and so we see that in Fig. 14 there is balance if 

Pull in A x AO together with pull in b x bo, oqu.il^ 
pull in c X CO. 

The pull in A X AO is really the tendency of a to turn 
body about the axis, and in books on niochanics it 
is called the moment of the force in a about the axis o. 
The law is then, if a number of forces try to 
turn a body and are just able to balance 
one another, the sum of the moments of 
the forces tending to turn the body against 
the hands of a watch must be equal to the 
sum of the moments of the forces tending 
to turn the body with the hands of a watch. 
24. The Lever. — Thus, for example, a lever is a 
hody such as I have spoken about, capable of turning 
about an axis. You will find that our general rule of 
work, and this rule of moments, will give the same result. 
Jf two forces act on a lever, tliey will balance when their 
fnoments ahovt tlve aada are eqtuil ; that is, when p, multi- 
plied by the shortest distance from the fulcrum or axis to 
the line in which p acts, is equal to w multiplied by the 
distance of the fulcrum from the line in which w acts. 

If a number of forces balance wJien acting on a lever. 

the sum of the mameiUs tending to turn the lever against 

the hands of a watch mu^t be eqiuil to the sum of the mo- 

m&iits tending to turn the lever with the hands of a watch. 

It must be remembered that, if the body acted upon 
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has its centre of gravity somewhere else than in iti 
then we must consider that the weight of the bo( 
force acting through its centre of gravity. 

Exercise, — The safety valve, Fig. 16, must open 
the pressure on the valve is just 100 lbs. per squan 
The mean area of the valve A, on which we assum 
the pressure acts, is 3 square inches; CD is 2 i 
E is 50 lbs., the weight of the lever is 6 lbs., a 
centre of gravity is 6 inches from D — where nius 



E 

o 




Fig. 18. 



placed] Here the upward force is 100 x 3, or 3C 
and its moment about D is 300 x 2, or GOO. The m 
of the weight of the lever is 6 X 6, or 36. The m 
of the weight E is 50 x the required distance fi 
Hence, 600 — 36, or 564 divided by 50, is the ai 
11*28 inches from D. 

Uxercise. — A weighbridge consists of three 
whose mechanical advantages help each other ; I 
the short arm of each supports the long arm of the 
Suppose that the weights of all parts are arranged 
just to be balanced when no weight is on the I 
and that the mechanical advantaijes of the tliree 
are 8, 10 and 12, what weight will be balanced 
power of 15 lbs. 1 Answer, 14,400 lbs. Suppose 
is the first of these levers that is alterable (that 
power is a sliding weight), what is its mechanical i 
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tage altered to when the load is 16,000 lbs. ? Answer, 
It was 8, it now becomes increased in the proportion of 
16,000 to 14,400, so that it becomes 8-8889 feet 

25. Hydraulic Presa. — A hydraulic press js a 
macjiine which enables great weights to be lifted, or 




Pig. 17. 



great pressures exerted, but in which, instead of levers 
and wheels, we use water to transmit the energy. In 
Fig. 17 the labourer exerts a force of, say 20 lbs. at p. 
If po is 15 times QO, then Q and the plunger QS move 
at one-fifteenth of the speed of p. Now, let us suppose 
that the labourer has been working for a few aiuv\JLt<^^^ thft 
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water filling the whole tube and cylinder space from the 
ram m to s may be regarded aa incompressible, and the 
cylinder bb is unyielding; and if we force the 
plunger into this space, the ram must rise 
if there is no leakage. The cubic contents of the 
water displaced by the plunger must somehow or other be 
provided for, and it is the motion of the ram which 
provides for it If the ram has an area of cross sectioi^ 
of 200 square inches, and the plunger has an area o' 
cross section of only one square inch, then the plung®^ 
must move 200 times as rapidly as the ram ; hence, tJi® 
hand of the labourer must move 15 x 200, or 3,000 tiii^^ 
as rapidly as the ram. Hence, if there were no fricti^^ 
the ram would lift a weight of 20 x 3,000, or 60,000 lt»®- 
The mechanical advantage of the hydraulic press is ih^^ 
found by multiplying the area of cross section of the ra/m ^^ 
the mechanical advantage of the lever^ and dividing ^^ 
the area of cross section of the plunger. 



CHAPTER IV. 

MACHINERY IN GENERAL. 

26. Mechanism. — When the power of a steam engine 
is distributed through a factory, the distribution is per- 
formed by means of shafts, spur and bevil wheels, belts 
and ])ulleys, and other kinds of gearing. As I am 
writing for men who have observed such transmission of 
energy, it is no part of my object to describe here what 
can be seen in any worksliop. Perhaps no study is more 
useless from books alone than the study of mechanism ; 
whereas, it is very useful and easy if you examine the 
actual thing, or make a skeleton model or a skeleton draw- 
ing. What I shall say, then, is to help you in your obser- 
vation rather than to give you a knowledge of mechanisnL 
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27. Velocity Batio. — In any machinery the velo- 
city of any point may be calculated when the velocity 
of any other point is known. The number of revo- 
lutions per minute made by a shaft tells us the 
velocity of any point on any wheel or pulley fixed on 
the shaft ; the circumference of the circle desciibed | 

Iby such a point, multiplied by the number of re- 1 
volutions, is evidently the distance moved through by 
the point in one minute. Now, when one shaft tirives 
another by m3ans of spur or bevil wheels, or by two pulleys 
and a strap, it is evident that the number of revolutions 
per minute made by one oi the shafts, multiplied by the 
number of teeth of the wheeL or by the circumference or 
. ^ameter of the wheel or pulley, is equal to the number 
^ revolutions made by the other shaft, multiplied by the 
^mber of teeth, or by cii'cumference or diameter of the 
Qj her wheel or pulley. T his is evidently true, supposing 
that the strap does not slip on the pulley. Hence the 
''^6 — to find the speed of a shaft, driven from another 
^y means of any number of wheels or pulleys, multiply the 
^eed of the driving shaft hy the prodvAit of the diameters 
®^ numbers of teeth in all the driving wheels or pulleys, 
^^ divide hy the product of the diameters or numbers of 
*'^eth in all the driven wheels or pulleys. By the diameter 
?^ a spur wheel we mean the diameter of its pitch circle, 
-*^o spur wheels enter some distance into one another, 
^^d the circle on one which touches a circle on the other, 
^*Xe diameters of these circles being proportional to the 
^Ximbers of teeth on the wheels, is called the pitch circle. 
j^ lie circumference of the pitch circle, divided by the num- 
^^r of teeth, gives the pitch of the tefeth. 

28. Shapes of Wheel Teeth.— We know that if two 
^^Diir wheels gear together, however badly their teeth 
^^e formed, so long as a tooth in one drives past the 
"^-^ne of centres of a tooth in the other, their average 
^"J^eeds follow the above rule. But if we want the 
^!^)eed at any instant to be the same as at any other 
^-Xistant, it is necessary to form the teeth in a certain 
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way. The curved aides of teeth ought to he eycloidal 
curves. The proof of this is not very difficulty but I 
shall not give it to you. It is not usual to employ thesa 
cycloid al curves, for it is found that certain arcs of cirdea 
approximate very closely to tlie proper cuives. Th© 
luctliod of drawing rapidly the curved tooth of a wlieei^ 
you will find taught by every teacher of mechanical draw — 
ing, you will find described in a great number of books^ 
and you will see it in use in the workshop.* You musft^ 
remember that no study of books, and I may also say, nc^ 
fitter's or turner's work that you may engage in, vii*- 
make up for want of the exj^erience which you would ga-^^^ 
by actually drawing to scale a spur or bevil whecJ-* 
a bracket or p(}destal with brasses, and a few otb^^ 
contrivances used in machinery. A worm and worx^^ 
wheel, that is, a screw, every revolution of which caus^ 
one tooth of a wheel to be driven forward, is sometim^^ 
used wlu'n we wish to drive a shaft with a very slo'^^ 
sp(»ed. If the worm-wheel has 30 teeth, it evidentl 
makes one-thirtieth of the number of i^evolutions of tb 
driving shaft. I suppose the screw to be single-threaded 
29. Skeleton Drawings. — ^When we consider thi 
relative motions of, say, a piston and the crank which 
it drives, we come to something which it is not so easy 
to state without some little knowledge of mathematics. 
Tt is the same with all sorts of combinations of link work, 
and with cams. Even a good knowledge of mathematics 
is only suflScient to give one a rough general idea of the 
relative motion in such cases ; and for the study of any 
special case there is nothing so good as a skeleton drawing 
or a model. I give one example of the use of skeleton 
drawings — a crank and connecting rod. Let a and n, 
Fig. 18, be the ends of a connecting rod. As A moves 
from a^ to c and back again, b describes the complete 
circle, b^ d h^. Set off equal distances to 6,, 6.., h^ &c., and 
make h., a^^ h^ a^, <kc. equal to the length of the connect- 
ing rod. Then the points a„ a^ &C. and 6„ h^ <fec. show 

* Consult Professor Unwinds Machine Design on the teeth of wheels. 
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in a very good way the relative niotioiia of A and a 
"When you have finished this ex- ^- -0*^^ 

ercise, work others in which, 
-wdth the same length of crank, 
you have longer or shorter con- 
necting rods. You will get some 
sixch results as are shown in the 
u.p>j)er part of the figure. In 
e'very case, if we imagine the 
eiTstnk to i-evolve uniformly, the 
motion of A, the end of the 
connectins' rod, is shown ; the 

uistance from one point to the \ tf<^ 

i^ext is passed over by A in the 
8a.ine interval of time. Pure 
^aTmonic Motion (see Chap. 

X^VlI.) is the name given to the 
^ttotion of the piston rod, when 

^© imagine the connecting 

rod. to be infinitely long; or 

rather, as we make the con- 

iiecting rod longer and longer, 

^o get more and more nearly 

to this sort of motion. You see, 

then, that by skeleton drawings g 

I mean drawings which show 

successive positions of the dif- : 6 ;, : \ 6t'' 

fevent parts of a mechanism 
whose motions you want to 
study. You will find that an 
eccentric and its rod may be re- 
garded as a crank (the length of 
the crank is the distance between 
the axis about which the ec- 
centric is revolving and its true 
/»ntre), and a very long con- 
necting rod (the length of the connecting rod being 

the length of the eccentric rod measured \j^ \k^ \jXN\ft 
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centre of the disc). The advantage derivable from 
skeleton drawings will be more obvious if joxi consider, 
in the above case of a crank and connecting rod, that A> 
need not be the cross-head at the end of a piston rod ; it 
may bo the end of a lever, and so move in the arc of ft 
circle ; it may be a slide moving in a slot of any curved 
form. One of the most instructive cases of skeleton 
drawing is a link motion. Taking any good drawing 
of a link motion to start with, find the relative motions 
of piston and of slide valve for various positions of the 
link. In the study of the motion of a slide valve it 
is much too usual to assume that the piston's motion 
is what is shown in Fig. 18 as pure harmonic motion. 
The reason of this lies in the ease with which it can be 
stated in mathematical language ; but it is incorrect, and 
leads to many errors. 

30. How a Shaft transmits Power. — I have refused 
to describe for you what you may see for yourselves 
at any time in workshops, how spur and bevil wheels 
and belts transmit power; how there are arrange- 
ments for disengaging such gearing, and stepped cones 
for giving change of speed when belts "are used ; how 
shafts are carried near walls or columns ; how machine 
tools work, and a hundred other matters about which 
a little observation and drawing is of more im})ortance 
than a large amount of reading. But there are some 
matters, connected with machinery, of great interest to you 
which you are not likely to observe unless I direct your 
attention to them. When a shaft transmits power it is 
in a state of strain ; it is in a twisted condition. The 
twist is not perceptible to the eye, of course, but methods 
have been arranged to show it to the eye and measure 
it ; and it is fouhd that the timet in a shaft is proportional 
to tlie horse power transmitted by the shaft divided by 
the number of revolutions per minute. Now to explain 
what I mean by a twist Let a straight line be drawn 
along the shaft when power is not being transmitted, 
then, if power be transmitted, the shaft will receive a 




Fig. 19. 



hcwl, tind this line will become a spiral line. The in- 
cUnntiou, at any poini, of the spiral line to its old- 
[KHitiau, ia a measure of the 
When, instead of the 
ordiMry oouplioif, Fig. 19, in 
«Hcli the two halvcii are con- 
by means of holt*, we use 
Pig. 20,+ in whith the two 
connected by means of 
ng3, these springs get 
^itendBii when the shiift tnins- 
pnwer. The yieldinw: of the 
^iringa cannot he ohaerved unless we make some airange- 
i^t like that shown, where a motion of a relatively to c 
causes the aim e to move and 
hring the bright bead 
wards the axis. If everything 
is made dead black except th© 
bead it will be seen describing 
a circle of greater or smallef 
radius, nnd a scale with 
sliding pomter enables us 
measure accurately the dis- 
tance moved inwards by the 
bead, T/ie reading o 
neide muUvjiH^ri hif Ihe 
her of revolulimis of the ahaji 
per miimU, telia ut iit onea: 
ihe horse j/ovier aeiiujlly ]>aa»- 
iiii/ through lite couplint/.'}. 

81. BeltiB.— If the pulley 
A, Fig, 21, is driven from 
by means of a belt, you must 
pull in the part of the belt M, 




I 
I 



iBiffliiher that there ia 



t A)Tt(in bh'I Perry's Dynomoineter Coii|iling. 

i the total moment of ILd fur.^ca of tliu Bi>r\nKa in '(tcnau^-leii 
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as well aa in the pai-t N. These two pulls an 
generally pretty great, as you know, bnt if you oonld 
measure titem accurately you would find that th^« if 
more pull in S, 
eke A would no* 
turn. It is the de- 
ference qf these pidb 
which concerns ns 
You may perhapB un 
derstand this bettei 
"^ "■ fromFig.22. Thepul 

is the weight of a, say, 20 lbs. The pull in a j 
eight of N, say, 50 lbs. If N falls 




IS the- 
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3 two feet, and the work 
done upon the pulley and wliich it trans- 
mits through the shaft somewhere else is 
60 X 2, or 100 foot-pounda, minus 20 x 2, 
or 40, the difference being 60 footpounds. 
In fact, it is the difference of pull in the 
two cords, 30 lbs., multiplied by the space 
passed over by the cord, '2 feet; result, 60 
foot-pounds. 

T/ie horse jxnoer given by a belt to a 
pulley is then l!ie difference of pull in the 
bell on l/ie two aides of the pulley, multi- 
plied by the speed of the belt in feet per 
minute, divided by 33,000. (See Horse 
Power, in the Glossary.) And now comes 
the question — if it is the difference of pull 
that produces turning, why is there so great 
a pull even in u. Fig. 21, as we usually y.s i2. 

or, OB it li&3 been called b; Profesaor J^mea Thomeoii, tht torqat 
multiplied by the angular velocity per minute, divided b; 33.000, i 
the horse-power. Suppose that when one of the lengths of shaftiiig i 
held fast we find the piisition of the bead when we bang weights o: 
levers or round pulleja or wheels fastened to the other length ; 
torque of 52'5 pound-feet will oause the bead to move Tadially inwsrd 
by a distance whioh we call '01 on our scale ; a torque of lOB pound 
toet causes the bead to move inwards a distuice which we call "02 o: 
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find I Refer again to Fig, 22. If we want the diffeivnce 
between u and n to be 30 lbs., why not make m have no 

tintit at all, and n may tliea be only 30 Ibsl Evidently 
we sliould not be able to get friction enough, and the 
weight If would fall, causing the cord to slide on the 
pulley ; in &ct, the friction between the cord and pulley 
muBt be more than 30 lbs., ebe there will be siipping ; and 
to produce this friction it is necessary to have a weight 
at M as well as at it. If we allowed the cord to lap 
round more of tbe pulley the necessary friction might be 
produced with a less weight at M. To get an idea of the 

friction between a 

cord and a pulley 

urange a puUc} 

or oiher round 

allied,, p, as in Fig 

U Fix it firmly 

Place a weight at 

K, say 1 lb Now 

pisw weights in 

(te scale pan at k 

until the cord just 

slips slowly. Say 

»e find 3 lbs. to 

be necessary. The 

difference between 

H and M, or 2 lbs., 

is the friction. 

How put twice the 

fonner wei<;ht at 

Jt; you wU] find 

^at about twice 

the fornior k will just cause slipjiing, so that the friction 

is doubled. In fact, we Iwve our old law, " friction 

ia proportioned to load." Bat now kt ua see how 

friction depends on the amount of lapping of tlio cord. 

In your firEt experiment measure the coixl notually 

in contact with tlie post p. Suppose it to be 4 inches ; 
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now, keeping m, 1 lb., let the oord lap rcrand more of tiw 
post p, say 8 inches this time, and find the weighty 9, 
which will just produce a slow sliding. You will find it 
to be 9 lbs. If the cord touches on 12 inches of the port 
p, you will find that 27 lbs. at N will be necessary to 
slowly overcome the friction. It is only by actuaUy 
trying this experiment for yourself, that you will get a 
clear idea of how iupidly the friction increases with the 
amount of lapping. It is on this account that one man 
can check the motion of the largest vessel by simply 
coiling a rope a few times round a post. 

The apparatus, Fig. 23, is so arranged that any 
required amount of lapping may be given to the ooio 
round the fixed post p. In 911 actual experiment^ th^ 
fixed weight M was 50 grammes. By means of th^^ 
pulleys the amount of lapping round p was varied, anc^ 
weights were placed in N, in each case just suffidenC^ 
to overcome the friction and raise m slowly, as abov^^ 
described. The following are the results d the whole 
series of experiments : — 



Number of times 

the cord laps 

ronncL 



t 

1 
li 

U 
2 

2i 
2i 
2* 
3 

8* 



The weight required at 

N to OTorcome friction 

and the weight of m. 




Logarithms of the ntk> 
of vtox. 



0*2041 
0*3222 
0*4771 
0*6021 
7076 
8195 
9031 
0060 
1461 
3010 
1*3617 
1*4771 



Plotting the first and third columns on squared papef 
('see Arts. 6 and 7), we find that a straight line passed 
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nearly through all the points. From this line we deduce 
the equation- ^ ^ 2-2 log J, 

where n is the number of times the cord laps round. 
From this it is easy to show that the coefficient of 
friction^ k, between tho cord and the post is '166.* 

You must then remember, that the tension in m, 
Fig. 21, is necessary to produce as much friction as 
will prevent slipping. If ever the excess pull in n is 
greater than the friction, there will be slipping. If the 
belt slips, there is energy wasted, which you can calculate 
if you know the force of friction, and multiply by the dis- 
tance through which slipping occurs. 

32. Transmission and Absorption Dynamometers. 
— I have already described to you an instrument which 
allows us to measure the horse power transmitted by a 
shaft. I am in the habit of employing a somewhat 
siinilar arrangement for measuring the power transmitted 
by a belt to any machine. It is shown in Fig. 24, and 
1« easily understood from the description of Fig. 20. I 
^an take it near any machine, and drive the machine 
ilirough it, using two belts instead of one. a is a loose 
>xdley. A belt drives h, which drives the plate e 
r Jirough four spiral springs B, The plate E is keyed to a 
Juaft carried on the frames c and D, and the pulley f 
s keyed on the shaft. A belt from f, therefore, will 
Ijrive any machine. When much torque is acting, the 
pnngs B become extended, causing a relative motion of 
£ and H, and this motion is shown by the bright bead 
L, at the end of the lever i a, approaching the axis of 
:H3tation. A fixed scale attached to the frame c allows 
tlie motion of a to be measured. 

* The law is this. If A; is the coefficient of friction between the 
oord or belt and the pulley ; if 2 is the length of the cord or belt 
^hich touidies the pulley, say in inches; and r the radius of the 
P'^ey in ixehes ;— then 

Log ^ =0-4343 k^ 

^ imd M being the pulls in the belt or cord on the two sides of the 
poUey. 
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iiotor. TIio Kte-am-engine drives the jnilley A, Fig. 3 
md the pulley b turns along with a. A cord iianga la 
'ound part of B, and carries at its one end a scale p 

* Chwpeotiier'ii or PiofiiHor J»ineB Tbanu 



DYSAUOilETERS 



ra piece of metal fasten i 
ich has a weiglit, n, 
rays acting upon it, 
biding ta tnm it 
round. Evidently the 
cord is pulled with n 
weight, M, at one end, 
lud a weight, N, at the 
:>ther. If now there I 
is slipping between 
;iie conl and B, the 
Mction ia measured 
■ the diflcrwice of 
weights K and M. 
t 18 1,000 lbs. and 
is 4,000 lbs. the 
tion is 3,000 lbs. 
tlie pulley has a 
rcuinference of 2 feet, and makes 80 turns per niiuule, , 
amount of slipping is 8U -^ 2, or 160 feet per . 
[nutfl, and the work done against friction is 160 x 
K)0, or 480,000 foot-pounds per minute, that is, 
■545 horse power. In this case a/.i l/ie poiner ia 
•tied in frietion, and this is called an Absorption 
ynamometer because it measures the power but absorbs 
in doing so ; whereas the coupling of Fig. 20 and the 
mamometer of Fig. 24 are called Transmission Djna- 
ometers, because they intagure Oie power transmitted • 
tJiejn whilst worMitg any maehinet* I 

• Blioald we try to ma merely a. cord with two ilifferant waighb^ 
tnd M, at ita ends [oi in Fig. 22J aa aji absattitiDa dyuammneter, na 
OnJd find that u Blteration of the coefficiant o£ friction ii con- 
lUy going un, the cord is act in motion, and obaerVBtiona cannot 
lada tor more than a few aeoonda at a hma. When we try to uae 
"d and two apnng balances, or a weight on one aido and a spring 
ice on the other, we find tliat «. conatADt torque ' ' 

id without the help of other contriyuncea. ' 

muTnatiT of Fig. 25, au alteration of coeffinient . 

W made up for by alteration in tho amount of lapYiiug u< 
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33. Einetio Energy. — When a weight, a. Fig. 3, 
in {ailing lifts a weiglit, b, bj the use of a machine 
inside the box c, let us consider the store of enei^ 
at any instant. The store of energy consists in — 
First The potential energy of a, that is, the iFeight 
A in pounds, multiplied by the distance in feet 
through which it is possible to let it falL Second. 
The potential energy of a, which is the weight of B 
multiplied by the distance through which it Ls possible 
to let BTall. Third. The energy of motion, or kinetic 
triergy, of everytliiiig which is movin,', namely. A, B, and 
the parts (f the mechanism. We are supposing that 
there are no other weights which can fall or rise, and 
that there are no cuiled springs or other stores of energy 
in the mechanism. Now, if a is just heavy enough to 
maintain a steady motion, the kinetic energy remains the 
same ; so that, whatever energy is given out by A in fall- 

or band ; arxd, iadeed, the toniue remftina oonslant, althoDgli &om 
beginniag to end of ensh eiperimeDb there ia usually a rei^ular leeMn- 
ing in the coeffident of Motion. From Art. 31, we >ee that K = M 

STls"*', or N-M = M (2718 "'- l). In Sle. 25, the woght* 
kre kept eoDBtiiDt, and when the coefficient of frietion, k ij^n, 
the lapping, ', of the cord altera » aa to mainttun a balanoe. 
Further, by the alteration of lappinft ve can jncreaee the torqae 
by only increamng s without increasing H in the aanie proportiati. 
I hare, with Frof. Ayrton, used Buccesafully a new and eiwed- 
ingiy simple form of abaorption dynamometer. Inrtead of one cord 
or helt, we ase two, knotted OF fastened together. One of theu i> 
much rougher on its imrfaae than the other. We no* have N ^^ H 
(a718 "^ + 2 718 ). IHminution of the oocffioienti of frictiim 

proiluces an increase in the lapping. '', of the cord or belt, whoee 
coefficient of friction a the greater, and a iliniinution of ', the ailjutt- 
ment being beautifully ai' -----*- 



ing IB in part being given as potential energy to B, and ih 

in part being wasted in friction. But suppose A to be 
heavier than this, then there is more potential energy 
being lost by A than is being stored by B or wasted in 
friction, and it must be stored up in some other form. 
The surplus stock shows itself in a quicker motion of 
everything ; it is being stored up as kutetic energy. 

34. Energy Indestructible. — We have now to con- 
jBider an impori»nt question. When a certain amount 
'at potential energy (measurable in foot-pounds) dis- 
appears, and becomes kinetic energy, how quickly 
must all the parts of the machinery move to store 
it all npl This problem is very troublesome, because 
everything in Fig. 3 is in motion in a difierent way ; 
some parts of the mechanism are 
moving slowly, others quickly. It 
is, however, easy to find out how 
macb kinetic energy a body has H 
we know its weight and its 
Telocity. Let there be a small ball 
hung from the point O, Kg. 26, by 
a silk thread, so that, when it 
vibrates, we can call it a simple 
pendulum. Now, yo» know that 
when it reaches the end of its 
swing at A it is, for a very abort 
interval of time, motionless, and 
lias ao kinetic energy. It falls 

to B ; and, as there is almost / j 

-JW friction, we may suppose thatt' ?S™^ 

potential energy which it loses "a 

falling through the vertical fie, 18. 

ight from A to B, b all stored 

ip as kinetic energy when the ball reaches B. Now, 

ippose the body to have a certain velocity in feet 

second when it reaches b. Toq know how to calcu- 

ite* Ute vertical height in feet tltrough which a body must 

It oj faUitis bodiet.—ln tlic follawLng rain T laeaiu tlie lelo- 
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fall to ctcquvre this vehcvty; Uiathe square of ths velo^ 
in feet -f 64*4. This is the vertical height from A to & 
But the body has lost potential energy equal to its weight 
in pounds, multiplied by this height ; and this is now' 
stored up as kinetic energy. Hence, to find the kinetic 
energy of a moving body* dimde the weight of the body 
in pounds by 64*4, and multiply the quotient by the 
sqtiare oftJie velocity of the body in feet per second ; the 
result tvUl be the kinetic energy in foot-pounds. In the 
case of the pendulum, this is the total energy of the boh. 
When the bob is at a all its energy is potential When 
at B, all its energy is kinetic; and when it is any- 
where between these positions, its total amount of 
energy is exactly the same as before, but part is 
potential and part is kinetic. During the swing- 
ing of a pendulum there is a constant 
change going on, potential energy chang- 
ing into kinetic or kinetic into potential, 
and the sum of these two would always 
remain the same only that friction is 
constantly reducing this sum by convert- 
ing part of it into energy of another 
order, namely, heat. 

35. Test of the Law. — We now have a rule to 
find the energy stored up in a moving body, every 
part of which is moving with the same velocity. You 
can test this rulo in the following way : — Get a 

city of a body in feet per second, k is the height in feet from which the 
body has fallen, t is the time in seconds since the body began to fall ; 
g is 32*2, and represents the effect of gravity in England. 
.,2 _ 9/.A i The square of the velocity of the body is found by multi- 
V ^zgib^ plying the height by 64-4. 

( Square the number of seconds during which the body has 
h = igt's fallen, and multiply by 16*1 ; the product is the height 
( fallen through in feet. 
32*2 times the number of seconds since the body began to 
fall, is the velocity of the body. 
The weight of a body in pounds, divided by 32*2, is the mass of 
the body ; hence, the kinetic energy of a moving body is calculated by 
multiplying half its mass by the square of its velocity in feet x)er 
second. Kinetic energy = i;mv^. 
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pnlley (Fig; 27) aa light &nd frictionleBB as posnble, because 
we must, at the beginning, neglect both the energjr 
stored ap in the pulley itself, and the loiis by friction. 

Fasten the pnlley at a considerable hei^'ht 
above the floor. Let two equal weigliti 
A. and B, balance one another at the «nds 
nf a long, silk cord, passing over the 
pulley ; and let there be a wooden scale, 
close alongside which a passes as it 
ascends and descends. Let us be able to 
fix to this scale, at any place, a plate 
which will suddenly stop A, and, abuve 
this, a ring which will just allow a to [loas 
throngh. You will find such an arrange- 
ment as I speak of in almost every Little 
collection of apparatus in the kingdom, 
and it is callel an Attvx>od§ Macldne, 
^ow, let A be as high as possible at the 
beginning ; place on it a little weight, 
such as will be lifted off when A passes 
through a ring ; and place a ring so that 
it will lift the little weiglit off A wlieii a 
has fallen, say, 3 feet. You know 
that, so long a-i the little weight lies -^^ 
on A, the speed of a downwards and ME 
B upwards must become gi*eater and -^^^^^^^^^^^^ . v 

greater. In fact, the potential energy Fig. 27. 

lost by the little weight becomes 
converted into kinetic energy of the whole arrangemenL 
Now, as soon as the little weight is stopped, A and b 
move with a steady motion ; and if the table is placed by 
trial so that one second after A passes the ring it is 
suddenly stopped by the table, the distance between the 
ring and table shows the velocity which a, b, and the little 
weight had when the little weight was removed. In one 
experiment — A being 1 lb. and B the same, ami the little 
ireight 0*25 lb. — the velocity was measured after a had 
fallen 3 feet, and was found to be about 4'5 feet \>er 
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aecond Now, the potential energy loat by the little weight 
was 3 X -25, or -75 (oot'pounA The kinetic energy wm 
stored up in 2-25 pounds, moving with the velodtyof 
4'5 feet per eecond; and, according to the above rule, 
its amount ia 

2-25 -^ 64-4 X 4-5 x 4-5, ' 

or -71 fooUpound, or -04 fool-pound too little. If wo 
consider that there was some friction, that the pulley 
retained some kinetic energy, and that it was difficult U> 
fix the table, so that exactly one second elapsed from a'^^ 
passing through the ring until it was stopped, we ae^^ 
that the experiment is a fairly good illustration of th^' 
rule. You ought, with your own hands, to make a^ 
number of such experimeute. 

36. Energy in a Rotating Body. — Suppose now 
that the pulley is so massive that its kinetic energy 
is considerable, and may not be neglected, is there 
any way of finding from its speed how much eneigy 
it has stored up in it ? We can easily calculate 
the energy in any little portion of a wheel if we 
know its velocity and mass, but those portions near the 
centre are moving more slowly than portions near the 
circumference, so that we have to calculate the energy in 
each little portion separately, and add all the results 
together. There is one thing which all portions of a wheel 
have in common — they all go round the centre the same 
number of times per minute. Suppose now that the 
number of revolutions of a wheel is doubled, the real 
velocity of every point in the wheel ia doubled, whether 
that point be near the axis or not, so that the kinetic energy 
of the whole wheel is quadrupled J in fact, then, we find that 
the kinetic energy stored up in a wheel 
depends on the square of the number of re- 
volutions which it makes per minute, so that, 
t/m energy mttat he equal to a constant nvmiber multiplied 
by t}ie square of the number of revolaiiona per mmtUe. 

37. To find experimentally how much energy 
is possessed by a wheel when it is rotating, let thg 



^T0 
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wheel bo mounted on an asle mipported on very frio- j 

' ti(»kles8 bearings. If the centre of gnivity of tha J 

wheel is not exactly in the axis, then it ia better toj 

place the wheel horiiontaUy, as in Fig. 28. Now 1 




>■ cord wound round the axle be acted upon by a \ 
"eight, w, which is only allowed to fall a certain distanoa 
Sn]ipose the weight t« be 1,000 Iba, ajid that we only 
allow it to fall 3 feet from rent, bo that when it has 
liilea this distance it no longer acts on the wheel, 
which will then rotate with a constant speed. Roughly 
fipeaking, the wheel poasesseB 1,000 x 8, or 8,000 foot- 
poundfi of energy stored up in it. This is not quite 
true, because the weight iteelf possessed a certain amount 
of energy of motion which must he subtracted. Suppose i 
that at the instant before being stopped tho weight was 
moving with a velocity of 1'5 foot per second, then we | 
must subtract 

; 1'6 X 1*5, or about 35 fool-pounds. 
' friction, and we £nd that a speed 



E 10 revolutions per minute hofl been t 



ultipUftd b-j t^» ] 
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square of 10 or 100, will give 7,965 foot- 
pounds. Evidently M = 79*65, and hence, if ever 
we find this fiy- wheel rotating, we know that it has stored 
up in it the amount of energy in foot-pounds 79 "66 X 
square of number of revolutions per minute. 

38. In the above calculation we have neglected 
friction ; })ut, as a matter of fact, in experiments the 
friction never is negligible. You will generally find, 
however, that the weight which you use to cause motion 
is so small in comparison with the weight of the wheel 
that it adds very little to the whole friction, and we 
may neglect this addition. On a cord similar to that 
which you have already used, hang a small weight such 
as will merely overcome friction, so that when you give 
the wheel a jerk for the purpose of starting the motion, 
this weight will just suffice to prevent friction reducing 
the speed. Suppose this weight to be 5 lbs., then it is 
quite evident that 5 lbs. of the original 1,000 were really 
employed in overcoming friction and not in storage. 
Hence our calculation gives 

995 X 8 — 35, or 7,925 foot-pounds as the total storage. 
This is at ten revolutions per minute. When it makes one 
revolution per minute the storage is 79*25 foot-pounds, 
and at any other speed we multiply 79*25 by the square 
of the number of revolutions per minute ; 79*25 is called 
the M of the wheel. 

39. It is obvious that you ought to be pretty quick in 
counting the number of revolutions of the wheel pro- 
duced by the falling of the weight. Indeed, you ought 
to observe if jKJssible the time taken in one revolution, 
using some special form of time-measurer, because the 
speed will now continually decrease on account of friction 

But there is another way in which it is easy to find 
the speed at the instant when the weight ceases to 
act. Find the total number of revolutions made by 
the wheel during the time that the weight is acting, 
and let some one observe this time in minutes. Then, 
as we know that the speed increases unifonnly during 
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this interval of time, the mean speed is just half xhe 
speed at the end of the interval; that is, divide the 
number of revolutions by tlie wwmher of minutes in which 
they were performed, and twice the quotient will give the 
number of revolutions per mvnu4s made by the wheel when 
t/ie weight just ceases to act. Ton can test your result by 
counting the number of revolutions from the time the 
weight is removed until the wheel is stop|»ed by its own 
friction and dividing by the time which elapses ; twice this 
quotient ought also to be the speed you want to know. 

40. It is not necessary even to measure the friction 
directly, for we found that 7,965 foot>pounds were given 
out by the weight in falling ; now if we count the total 
number of revolutions made by the w/ieel from the time 
of starting wntil stopped by its own friction^ and divide 
7,965 by tlte total number, we shall find the loss oj 
energy due to friction during one revolution, since there 
is about as much energy wasted by friction in any one 
revolution as in any other. Ten times this must be tiie 
same amount of energy as 5 x 8, or 40 foot-pounds, for 
we measured the friction during 10 revolutions of the 
wheel as equivalent to 5 lbs. falling 8 feet This, then, 
is the method you ought to employ. 

41. You see that M is a number which ought to be 
known for every fly-wheel ; it is just as importiint to know 
the U of a fly-wheel as to know the weight of an ordinary 
body. We have only to multiply the M by tlio 
square of the number of revolutions per 
nainute, and we find at once the energy in 
foot-pounds stored up in the wheel. I 
liave shown you how to find tlie M of a fly-wheel by 
expei-iment \ I will now give you an idea of its value 
ID different cases. I cannot prove to you this first 
f'lle, or the other rules given in the foot-note. Imagine 
^grindstone whose diameter is 4*5 feet, whose breadth 
•8 1*4 foot, the weight of its material per cubic foot being 
132 lbs. ; then we can calculate its M by first finding 

132 X 1-4 X 4-5 X 4*5 x 4-5 x 4-5, 
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aiid dividing this answer by 59,800. For any rotating 
olject of cylindrical ahape, the gliape of a grindstone, 
tills I'ule will always find M. Multiply lite xoeiijlit oflh 
material per cviicj'oot by lite breadth or vjidlh; multiplg 
(Am by the fowtlt potoer of the dia/meter, a/nd divide 1^ 
tk« eoTiitant number 5U,8O0. "Whether the material ia 
wood or atone or metal, this will give M, and this multi- 
plied by the square of ihe number of revolutions p r 
niinuta will give the energy in foot-pounds stored up la 
tlie rotating body. For Uie above grindstone, on caJou- 
lating out, you will find the M to be 1 -26. So that when 
it makes 1 revolution per minute, there is stored up in it 
1'2G foot-pounds of energy; when it makes 2 revolu- 
tions per minute, there is stored up in it 1 '26 x *, or 
6-04 foot-pounds. 

At 



3 revolutions, 1'26 x 
„ 1-26 X 


Footpouuda. 

9, or 11 -Si 
400, „ 504 


„ 1-26 X 
„ 1-26 X 


2,500, „ 3,150 
10,000, „ 12,600 



42. The enargj stored up in a ruUiting body is eqnal to 
}]a', where I la moment of inertia about the nxie ; that ii, 
the sum of all such terms as mass of a little potlioa mnlti- 
plied by tho square of its distimcefrom tlieinia. a ia angular 
velocity (see Olosbabt) in mdians. Hence, as a ^ -^, if ■ 
is number of mvolutiona per minulfl, aod r ia 31416, the 
energy ia i ^ , so that our M is |^ . For the following 
bodies I give in Table I. the values of i and M. w is weight 
in lbs. per cubic foot, and dimenaiona arc in feet. 

43. If we fix a small weight of 20 lbs. on a. wheel, at 
IS feet from the axis, this adds to the M of the wheel 
the amount 

20x12x12 + 5,871, or 0-49; 
or the weight multiplied by the square of its distance 
from the axis, divided by 6,871 . 

If we add a very thin rim to a wheel, the addition 
to M is found by multiplying the weight of the rim by the 
Bqnire of its average radius, and dividing by 5,871 ; or, 



TABLE L 





N 

V 




an 



4 



d 



V 



Natme of Rotating Bodj. 



uere of diameter d,^ 
>tatiiig about diam- > 
kerasazis . • • .j 



«K^x -001626 



Spherical she]], whose \ 
outedde diameter is d, f 
and inside is (fi,rotating i | 
about diamet^ as axis / 



w 



Cylinder, diameter d, \ 
length I, rotating about > 
its axis ) 



Hollow cylinder, outside'^ 
diameter <<, inside > 
diameter di, length I . j 



Thin rim, mean radius) 
r of weight w . , . | 



Thin rod, of length l,^ 
rotating about axis 
through its middle 
point, at right angles 
to its length. Weight 
of rod W . . . . 



Thin rectangular plate,' 
rotating about axis 
through its centre 
parallel to side 6, the 
side d being at right 
angles to axis. Weight 
of plate W . . . . 



-001626 



} 



icid^x-OOSOS 



X -00305 ; 



wr* + 82-2 



wf2-00268 



wr»-002.'>8 



M 



wdfi -I- 112,126 



w (d»-(f,4) 
+ 112,126 



yOd* * 59,800 



wl {d^-di*) 
+ 59,800 



Wf* -4- 5,871 



wr»H- 70,451 



wP + 70,451 
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multiplyvng the weight of the rim by the eguan ^ tfo 
average diameter, and dividing by 23,484. 

It will be found that if a fly-wheel has light arms and 
a heavy rim, as we often see on such wheels, a fairly 
good approximation to its tS, is fcvmd by multiplying the 
weight of t/ie rim by tlie square of the mean diameter aj 
tlie rimy and dividing by 23,000. 

Example. — The rim of a fly-wheel weighs 15 tons; 
its mean diameter is 20 feet. Calculate approxi* 
matfly what energy is stored up in it when it makes 
60 revolutions per minute. Here you will find the H 
of the fly-wheel to be about 584, and hence the stored 
energy is 584 x 60 x 60, or 2,102,400 foot-pounds. 

44. Steadiness of Machines. — ^A fly-wheel is put upo& 
a riveting or shearing machine, or other machine, because 
the supi)ly of energy to the machine is not given regularly, 
or else because the demand for energy from the machine iB 
irregular. The fly-wheel enables the machin© 
to maintain a more constant speed. In cal' 
culating the proper size of a fly-wheel for any machine w^ 
must know two things. First, what is the greatest altera^ 
tion of speed allowable in the case ; and secondly, th^ 
greatest fluctuation of the demand and supply of energy 
Thus, suppose we wish never to have the speed of the 
fly-wheel more than fifty-one nor less than forty-nine 
revolutions per minute, and that during some interval 
of time the fly-wheel has to give out 20,000 foot-pounds 
more than it receives during that time ; then, although 
the fly-wheel will afterwards have this deficiency made 
up to it by some steady supply, it is obvious that 
its speed must diminish. We wish its speed to diminish 
only from fifty-one revolutions to forty-nine revolutions 
per minute in this interval of time. Now, when the fly- 
wheel runs at fifty-one revolutions, it has stored up an 
« amount of energy equal to its M X 51 x 51 ; and when it 
runs at forty-nine revolutions, its store is M X 49 x 49, 
and the difference between these two ought to be ^0,000. 
Hence^ subtracting 49x49, or 2 401, from 51x51, or 
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2,601, we get 200; and dividing 20,000 by 200, we find 
100 as the required value for M. Subtract^ tlien^ t/ie 
square of the least speed /rom the sgriare of the greatest, 
and dimde the greatest excess of demand or sttpply by 
this remaJmder ; the quotient is the M of tJie fly-wlieel. 
Having found M, the question is, how can you tell from 
it the size and weight of the wheel] Find the M of 
any wheel of the same shape and material as that which 
you want to use. It is obvious that the diameters of the 
wheels are as the fifth roots of their M's.* We want a 
wheel whose M is 100. Suppose I find a wheel of the 
shape I wish to use whose outer diameter is 8 feet^ and 
I calculate its M, and find it to be 11; then 

The fifth root of 11 : fifth root of 100 :: 8 : answer. 

Log. 11 = 1-0413927; divided by 5 it is 0-2082785, 
which is the logarithm of 1*615. 

Log. 100 = 2*0; divided by 5 it is 0*4, which is the 
logarithm of 2*512. Hence 

1*615 : 2*512 :: 8 : answer. 

This is an easy exercise in simple proportion. I find my 
cuiswer to be 12*44 feet, or 12 feet 5^ inches, the diameter 
of the required fly-wheel, which is to be similar in form 
to the smaller specimen used by me for calculation. 

* If we have ahj two similar wheels, or other rotating bodies of 
the same material ; if we consider any similar small portions of them ; 
it is evident that their weights are i)ropo^ aonal to their cubic con- 
tents, or to the cubes of any similar linear measurements. Hence, if 
one is, sajf, twice the diameter of the other, as every dimension of the 
one is twice that of the other, the weight of one must be 2 x 2 x 2, or 
eight times that of the other. Now, the M of any rotating body de- 
pends, not merely on the weight of each portion of the body, but on 
the square of its distance from the axis, so that the M of one must be 
8x2x2, or thirty-two times the M of the other. Similarly, if the 
linear dunensions were as 3 to 1, the values of M would be as 243 to 1 
for a pair of similar wheels. 

Estmple : We want a wheel which will have a store of 1,000 foot- 
pounds men rotating, at twenty revolutions per minute, and it is to 
be of the same shape as that of an already existing wheel, which is 
four feet in diameter, and which contains a store of 1,350 foot-pounds. 
when running at thirty revolutions. Evidentlv the M of this second 
wheel is 1,350 •*■ 900, or 1*5, and the M of the first wheel is to 
be 2*5. Using logarithms, we find that the fifth root of 1*5 \» t<i 
the fifth root of 2'5 as 4 feet is to 4 '4 feet, the answer. 
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45. The total kinetic energy stored up in an; 
machine is found by calculating the energy in eveiy 
wheel and in every moving pari, and adding all togeHier. 
But suppose that in the machine there is some shaft 
of more impoi*t<ince than any other, it is usual to give 
the speed of this shaft only, because if its speed be 
doubled, the speed of every other is doubled. 11ms, in a 
steam-engine we state the number of revolutions per 
minute of the crank shaft, and this tells us the speed of 
every part of the engine. Let, then, the number of re- 
volutions of some such principal axle of a machine be 
found. If this number of revolutions is doubled, ihe 
kinetic energy stored up in the machine is quadrupled; 
and, in fact, the kinetic energy stored up is equal tfi 
a certain number which can he found for the machinfii 
and which we shall call its M, multiplied by the square oj 
tJie number of revolutions of this particular axle pif 
minute. The M of any machine may be experimentally 
determined in exactly the same way as we have showl^ 
abova 

If we know the M of any machine, then the M of an/ 
other machine made to the same drawings, and of the sam^ 
materials, but with all its dimensions twice as great, y0 
thirty -two times as great, because the M's of the twa 
machines are proportional to the fifth powers of their 
corresponding dimensions. 

46. Pacts Useful to Know. — In a condensing steam- 
engine, when the steam is cut off at from one-third to 
one- eighth of the sti*oke, there is a certain portion of the 
stroke during which '16 to '19 of the total work done 
during the stroke is given out by the steam to the engine, 
in excess of that given out by the engine itself as useful 
work. In a non-condensing engine, steam cut off at from 
one-lialf to one-fifth of the stroke, the excess work is '16 
to -23 of the total work of one stroke. These facts will 
enable you to calculate the proper size of fly-wheel for 
a given steam-engine when you know the work done 
in one stroke, and also the greatest and least speeds 
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allowable. For a punching, shearing, or riveting machine 
no figures of this kind are available. Observations are 
much needed. In the case of a pump with a fly-wheel 
it is easy to calculate the excess work done during any 
period. But in many kinds of pump great variations 
of speed are generally allowed. 



CHAPTER VL 

EXTENSION AND COMPRESSION. 

47. How a pull is exerted. — How is it that a cord 
transmits force from my hand to an object when I pull the 
object by means of a string ] If you study this matter you 
wOl see that every particle oS the string 
coheres to the next, and although the refusal of 
one particle to come away from its neighbour might easily 
be overcome, there are so many of them to be separated at 
any particular section of the string that it requires a con- 
siderable pull to perform this operation. When a string 
is pulled it really lengthens a little, and it lengthens more 
the more force is applied, although it may not break. A 
string is not so easy to experiment with as a wire of 
metal, because it differs more in its quality at different 
sections, and it is affected by dampness and other circum- 
stance& No doubt it is also difScult to obtain a metal 
wire which shall be exactly of the same material every- 
where, but it is more to be depended upon than string. 

48. Strain. — ^Take, then, a steel wire, a b (Fig. 29), 
fastened near the ceiling at A, between two pieces of 
Wood, screwed together firmly so that there may be no 
tendency for the wire to break just at the fastening. 
Similarly fasten at b a scale-pan arrangement^ and, first, 
place just so much weight in the pan as keeps the wire 
taut. Let there be two light little pointers stuck or tied 
on at a and b, and let there be a vertical scale on. thd 
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wall.* Now read off the distance between n and b on the 
scale, and note the weight. Add more weight, and H^n 
read the distance, and continue doing 
? this until the wire breaks. Tou *ill 
prove by means of squared paper that — 
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D we speak of the strain in the 

wire and vant to use the termitrat'niiL 
an exact aenfe, we mean Ute Jraetion df 
xlaelf by w/ih a b kn;ilhen». Thus, 
s [pose that a£ was 50 feet, and thatit 
len^tl ena 1 foot, we say that the Btiwn 
la 35 or -03 or 2 per cent I n«d 
1 ardly tell you how important it is to 
leim the oxai,t meauing of a word liks 
thiB it wiU g ve clearness to your ideii. 
49 Stress — If you take anotha 
wire of tl e same material, but of twice 
the sect o al area of this one, you »'ill 
fin I that t needs twice as much load to 
prod e the same strain. Tlie reason 
of th a 13 that you have at any section 
twice as many particles of steel resiat- 
ng the p 11 The pull produced by 
the lo 1 acts at every cross section 
in the same way, no matter how loiig 
the wire may be ; but if the wire is 
thicker a o^e place than another, then 
18 section the pull It distributed over a ijreatcf 
number of pairs of particles. We. see, then, that if » 
wire or rod is transmitting a pull, it is well not to con- 
sider the total load, hut rather the load per square ii:cli 
of section. JVis load per square inch w called the streat. 

' laateod of pointeiB, ft pair of verniei* ue employed in veij 
ilelicate eipeiimentioj;. 
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Ihis is the exact meaning which we give to the word 
Hre8s, Much ai the difficvdty you may have met witJi in 
foxa reading is due to the &ct that you have not made a 
proper distinction between the meanings of thf^e owo 
words. Stress is the load per square inch 
which produces a fractional alteration 
of the length of a wire or rod, and this 
fractional alteration is called the strain. 
Suppose your load to be 6 lbs., and your wire circular in 
section, with a diameter of 0*05 inch. Then the area of 
the section is 0-025 x 0025 x 3-1416, or -00196 square 
inch. The stress is 6 4- '00196, or 3,061 lbs. per square 
inch. You will find that this thin wire gets the same 
strain with a total load of 6 lbs. as a rod one square inch 
in section would get with a load of 3,061 Iba If ever 
yoa get a problem to work out, relating to the lengthen- 
ing <d a wire or rod produced by a load, you must con- 
sider, not the total lengthening of the wire or rod, but its 
fractional amount of lengthening, and call this the strain; 
also consider, not the total load, but the load per square 
inch of section, and call this the stress, and you will find 
that for some kinds of wrought iron — 

The stress = the strain x 29,000,000. 
Exa/mple, — How much extension is produced in a 
wrought-iron tie-rod 80 feet long, whose cross section is 
3 square inches, by a pull of 9,000 lbs. ? Here the stress 
is 3,000 lbs. per square inch, and 3,000 is equal to 
29,000,000 times the strain, or 3,000 -^ 29,000,000, or 
0001034 is the strain. The extension is the fraction 
'0OO1O34 of the total length, and 80 feet x -0001034, or 
■00828 foot is the answer — nearly one one-hundredth of 
a foot, or, more nearly, the tenth of an inch. 

50. It is somewhat more difficult to experiment 
on the shortening of a strut or column when it trans- 
mits a push, because you cannot use very long struts. A 
Itnit, as you know, tends to bend if it is very long; 
and when it breaks, unless great care is taken to keep it 
Straight, it breaks more easily the longer it ia. TbA 
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bending action causes the load to act more on one part d 
the cross section than another, and the stress — or the 
pushing force per square inch, is greater at one part ol 
the section than at another. If you experiment^ there- 
fore, you must take care to use struts which are in no 
danger of bending. In Chap. X. I shall consider the 
bending of beams, after which you will better unde^ 
stand the present difficulty. It is sufficient for you 
at present to know that, whereas the pull in a 
tie-bar tends to make it straighter if 
possible, the push in a strut tends to make 
it bend. Hence, in an iron railway-bridge or rooj 
you wiU see that the tie-bars are thin solid rods usttaUy, 
and they might be chains or ropes if these were cheap 
enough ; but the struts must not merely Ihave a proper 
a/rea of cross section^ this cross section mttst also he 
wide im, every direction. Thus, instead of a solid cast-iron 
column you always see a hollow one, unless the column is 
very short. Also, a thin plate of iron suffices for the lower 
boom or flange of a railway-girder (because it resists a pull), 
whereas the top boom is a hollow tube, or is U-, or n-» 
or r"~l-shaped, because it must resist a push. Long 
struts, therefore, must be considered in Chap. XII., after 
we have investigated the bending of beams. 

51. A Short Strut will be found to obey exactly 
the same laws as a tie bar. The load per square inch 
is called the stress. The shortening is a fraction oj 
the whole length of the strut, and this fraction is ccUled 
the strain. You will find from your experiments that the 
strain is proportional to the stress. Thus for wrought 
iron struts or columns 

The stress = the strain x 29,000,000. 
The multiplying nimiber is found to be the same for the 
same material, whether it resists a push or a pulL This 
number is called "Young's Modulus of Elasticity;" it 
has been measured for various materials, and is given in 
Table III. In using it you must remember that the 
stress is in pounds per square inch. 
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Meercise 1. — "By how mach would a round bar ot 
steel, 120 feet long, whose diameter is 2 inches, lengthen 
with a pull of 30 tons 1 Answer : 0*0855 foot. 

Exercise 2. — By how much would a column of oak, 
3 feet long and 4 inches square, be compressed in 
supporting a weight of 2 tons 1 Answer : 00056 foot. 

52. I have said that if you use squared paper after 
making your experiments, you will find that the strain is 
proportional to the stress, and the lengthening of a tie 
bar is proportional to the total pulling force. But you 
will find that this law is not true when the loads 
become too great. If your loads are less than a quarter 
of the breaking load, you will find on removing them 
that the wire on which you are experimenting goes back 
to its original length.* But if your loads much exceed this 
amount, it will be found that the wire has taken a 
permanent set ; that is, if you remove the load the wire 
will not go back to its original length. It remains 
permanently longer than it originally was, and we say that 
we have exceeded the limits 
of elasticity. The load which 
produces this permanent set 
is said to be the measure of 
the elastic strength 
of the wire, for although it 
does not break the wire it 
alters it permanently, Now, 
it is only for loads less than P,g. so. 

this that the law *^ strain is 

proportional to stress,*' is trua Your squared paper for 
experiments on a steel wire would give a straight line 
becoming a curve, like Fig. 30. 

* It may not go back at once to its old length, but in a few minutes 
it will be foimd exactly what it was before you loaded it. Similarly, 
when the load is put on, there is first a sudden lengthening and after 
this there is a slight extension going on so long as the load remains, 
but it practically comes to an end in a few minutes. This after-action 
is so slight that I have not till now spoken about it, although we have 
reason to believe that its investigation would be of great importance. 




Wten you plot your i-esulta, making the distance 
111 »i represent the eitensioa of the wii-e for a load repre- 
ieiited by the distance m q,to any scale you please, you 
will find that the line passing through your points is 
straight only from o to u say, and then it turves iipwarda 
The distance, <} h, represents the load which produces 
permanent set. For greater loads than this, the ertension 
is more thim proportional to the load, and increnses more 
rapidly until we get at k a very rapid extension indeed, 
for the wire hroke with the load, K x, and just befoi-e it 
bi-oke its estenaion was K Z.* 



Btrain would ba callod limpU, but it needs rather a com- 

Slieated system of external pressuni to produce this effect, 
la matter bow a boily is strained, if we consider a amall 
portion of it we BhuU Und that RDy struin simplj oonsiBtaof , 
exteoBtooB and compresaioiis in different diroctiouB. In , 
fact, imagine a very small apherical portion of tlia body 
before it is strained : the efCect of strain is to I 
.convert the little sphere iota a Sgura i 
called an ellipsoid, that is, a flgure every sectjon ' 
of which is an ellipse, or a circle ; remember tint ertxj 
sec^on of a aphere is a circle. It may be proved that then 
were three duunetcrs of the sphere at right angles to one 
another, which remain at right angles to one another in fba 
ellipsoid, and are known as ths principal axetaiHia ellipsoid. 
These diractiona are now called the principai axti of tb» 
stj^eiistingat that part ot the strained body. Along one 
of these directions the contraction (or extension) is leas, and 
in another greater, than in any other direction whatever. 

Bi. Example.— Thus if m* n' (Fig. 31) is part of a long 
wire subjected toe puU, the portion of imitter which waaen- 
elosed in tho vory small imaginary aphoriuil surface, a a a D, 

■ InBtnimBnta hava been designed wbioh regiiter on k sheet of 
paper (as the pencil of a ■teom-engina indicator does) the load pallinK 



rod, and the eiteniion whioh it produces. A little bmsi wyliniler 

irl 
dmvm ai the load an the rod ia gcadunll; mode t( incroase ul 



verad with pajHir is touohed by a itono 
lount of rotation of the barrel ii resnlat 
le lend. B; this means, curves, like I 



, of tbe barrel ii re^ilated so tbnt it is proportional 

.. _ ...Aontiw 

lod breaks. (See Art 125.) 



■ATDsx or BFiuni. 



bafom ttie poD wu applied U now encloaediafhedlipMiidal 

Ssrioal Borface, if ^ tf o'. The apberB *>■■ tmrwrnn an 
poind of Tevolntion ; a b becomes a' v 
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?(Mie incb divided tiy 
taat^a Hodnlae of 
Elssticitj, 1. Af, tiow- 
ever, it ia often more 
convenient to <ue a 
uoltiplier than a di- 
nsor we are in tho habtt 
of naing tho reciprocnl 
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by the letter a. Thm, if the pull per aqnare inch ia one 
poond it piodaces a strain of the amount, a, in the direction 
*■; the lataul contraction of the material ia - ° ~p — 
in thii (SM, and is nanall]: denoted by the letter h. 

BO. Ttta dlmlnatlon bi bollc of a antistance when it 
is Bnbjected to preasure uniform all round, Ba, for instance, 
when it ia Borrounded by water in a hydraulio preaa, or 
nink in the aea, has been experimented upon. The 
lessening in the bulk per cubic inch is called the cubiial 
etrain of the Bubstance. The presBore in pounds per squHre 
inch alt over its surface representa the stress, and it is 
fonnd that the strain is proportional to the stress. In fact. 



tb 
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nltiplied by a certain numbe 
9 letter E is usually employe' 
lied the Madulvi of Elaiticity of hulk. 



for which the 



TABLE 


II. 




ModnlM ol Blastdeltj of Bulk 


Ether. . . . 120 thousand. 


Cold Water 


300 „ 


Water at laO* Fabr. ' 




330 


Mercu^ . . 
Flint gUaa . . 




6 million.. 


Castiron . 




1* .. 


Wrought iron . 




20 „ 


a*: : ; 




2* » 

30 „ 



Jitutgi'na a Cube One ioob in each edge (Fig. 32}, subjected 
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to a uniform compressive force of 1 lb. per square inch on the 
opposite faces, a d e f and b c l o. Evidently the edges 

A B, c D, L B, and o r, become 1 —a 
indi in length, a being the reciprocal 
of Young's Modulus used above. 
Also the edges a d, b c, o l, and 
F E, get the length 1 + i inch. 
If now we give to the faces, a b c d, 
and E F o L, of this cube, compres« 
sive forces 1 lb. per square inch, it 
is the edges a f, &c., which shorten, 
and the edges a b, &c., which 
lengthen. Again, give the com- 
Pig. 82. pressive forces to the third pair of 

opposite faces, a u o f and ci> e l, 
and we have the edges a d, &c., shortening and b o, &c., 
lengthening. If, now, all three sets of compressive forces 
act at the same time, that is, the cube gets on every face a 
pressure of 1 lb. per square inch, as the compressions and 
extensions are exceedingly small, each edge shortens by the 
amount a and lengthens by the amount 2 b. Hence the 
edge which used to be 1 inch is now 1 — a-\- 2b inch. 
The cubic content used to be 1 cubic inch, it is now 
1 — 3 (a — 2 d) with great exactitude. Hence 3 {a — 2 b) 
is the amount of cubical strain produced by 1 lb. per square 
inch. That is, the Modulus of Elasticity of bulk, 

K = 



3 (a- 2b) 
and if we know a and b it may be calculated. 

66. It is found then that when a rod is pulled, not only 
does it get longer, but its diameter gets less. When, 
for example, a rod of glass is pulled so that its length in- 
creases by the one-thousandth of itself ; it is found that 
its diameter gets less by the one three-thousandth of itself. 

57. Strength. — Table III., p. 68, shows among other 
things the pulling (or tensile) and pushing (or compres- 
sive) stress which a material will bear before breaking. 
Probably if these stresses were allowed to act on the ma- 
terial for some time it would break even if they were not 
added to. They are obtained from experiments in which 
the load was increased pretty quickly, and yet quietly, that 
is, without any jerking or sudden action. The numbers 
in the table are taken from many sources, and must in 
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general only be r^arded as giving rough average values. 
The strengths of the inet«ds I have taken from Mr. 
Unwin's book on machine design. The stress per square 
inch which will produce a permanerU set in the maJterial 
is sometimes called the elastic strength. The working 
stress is usually a fraction of this ; it is the stress which 
experience tells us to calculate upon for loads acting 
for a long time on materials, and which we shall be sure 
sre perfectly safe in the case of such materials as are 
BuppHed from foundries and forges. 

Exercise 1. — How great a pull will a round rod of 
brass stand before it breaks, if its diameter is 0*3 inch) 
What pull w^ould produce in it a permanent set, and 
what is the safe working pull) Answers: 1,237, 484, and 
254 lbs. 

Exercise 2. — ^A short hollow cylindric column of cast 
iron is 8 inches in outer diameter, 5 inches inner 
diameter. What is the safe load and what load will 
produce permanent set) Answer: the area of cross 
section is 4 x 4 x 3'1416 minus 2*5 x 2*5 x 3*1416, or 
30-63 square inches; 30-63x21,000 is 643,230 lbs., or 
287 tons ; 30-63 x 10,400 is 318,522 lbs., or 142 tons. 

58. Pipes and Boilers. — We may consider that a pipe 
or other hollow cylinder, when it tends to burst with 
internal pressure, has twice as much 
tendency to burst laterally as to 
burst longitudinally. If, however, 
the cylinder is shoi-t, the ends may 
modify this effect, strengthening 
the cylinder laterally without alter- 
ing the endlong strength, but it is 
usual to have such cylinders long in 
proportion to their diameter, hence 
it is their lateral strength pi^. 33. 

which has to be considered. 
Imagine a hoop of breadth one inch, the pressure 
per square inch inside multiplied by the diameter 
in inches is the total force which tends to make this 




hoop break at A and b (Pig. 33), or at the ends of any 

other diameter. The tendenej to burst is resisted by tlie 
tJiiisioii at A and B, so that the area in square inches at A, 
together ivith that at b, ia Uke the area of cross section 
of a tie-rod subjected to a total pull of the above amount. 
Hence we have the rule, 
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L this way that we calculate 
tho strength of a boiler or large water-pipe. When the 
boiler lias riveted joints we must, of course, regard the 
material as weaker than if it could resist tensile stress 
everywhere like a continuous boiler plate. In oast iron 
pipes and in steam-engine cylinders it has to be remem- 
bered that the difficulty in getting castings which are of 
the same thickness everywhere, and the allowance that 
must be made for tendency to cross-breaking when the 
pipes are handled, as well as the great allowance that 
must be made in steam-engine cylinders for stiffness, the 
difficulty of casting, and boring out, cause such cal- 
culations aa the above to be somewhat useless. Thus 
it will usually be found that, whereas a large cast iron 
water-pipe is not much thicker than the above calculation 
would lead us to expect, yet a thin cast iron pipe is often 
of more than twice such a ' ' ' 



flfl. It is easy to prove the truth of the rtafement made at 
the hoj^uning of the last paragraph — a boiler hai twlca 
w mnoh tendency to burst late^;^ aa lonfitudiuallj, 

'WhenahoilGrbuTBta endwise,the ureaof metal atwhicb 
fracture occurs la the circumf ereuc^ multiplied by the thick- 
ness, or 3'141G if e if <j is the diameter and I the thicknesa. 
But the total endlong pTeEsare is the pressure on the 
sectional area of the boiler at the place, or '785* d' p, if 
p is the Quid preutire id poimda per square inch, hencs 
-7S^4 iP p-i- 3-1416 dl, tadp-i-itiatha atresi oo tha 
materinL 



Ctv.Tl] ffTBEBB ON A BPRKRIOAL BOILXR. 



total force acting at A Knd b (Fig. 33)urfppoanilB,u 
area of the metal at a and ■ being 2 1 square incheo, the 
ttreet on the matenal ia dp -i-2t, or twice aa mnch a* in 
tho other case. 

In tbia inTeetiRation I have conddered that the (treat 
at A and i is one oi mere tengicHi, aod thU ii the caae when 
the metal is thin in compaiiaon vith ita diameter. In a 
thick pipe or in a gnu it is found that, althongh the 
BTciBge etreu ma; he arrired at in the above wa^, aome 
portJone of the metal are more severely etiained. It ia not 
my pnjpoee to oouBider such cases in tbia book. 

In a q>herical hoilrr the tensile itreaa anywhere is 
evidently dp-i-ii, being the same ai the endlong strosa in 
a cylinimcal boiler of the aame diameter aud thickncea. 

Some students may have difficulty in understanding 
how it ia that the preanira *""'<'"g to bnnt a iplwrieal 
bollur at A B ia found by multiplying the croBg-seclional 
area at a u by the presBore of the 
fluid in pounda per square inch. The 
preeEure ia really exerted on erery 
portion of the surface a c a (Fig. 
33aJ, and it ia ererywhere at right 
angles to the eoHace, but if the re- i 
■ultent force is calculated it will be 
found to be what has been stated. 
This wiU become evident on con«der- 
ing that if one halt of 
^^^ fluch a boiler ia closed by 

^^^ a flat plate at a n (Fig. Fig xn. 

^^^^k 33a], as tbe fluid preaanre 
^^^^K cloee not cause motion of boiler, its rcaul- 

w 

' A ■. It is for this reason that we always cal- 

Fig. S3B. colate the preaaure on a pump plunger aa 
being the sectional ares in mchee of the 
plimirer mnltiidi»i by the pressure per square inch of 
the fluid, taking no account of tbe met ttut the end of 
the plunger may either be rounded or flat. 




Q any J 

lust be equal and opposite to its resultant 
n all the rest of the surface, there- 
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CHAPTER VIL 

PECaLIAR BEHAVIOUR OP MATERIALS. 

60. In this chapter I wish to draw your attention to 
a subject in which the workman is more likely to 
obtain valuable information than any other person. I 
have told you that when a load continues to pull a wire 
the wire continues to lengthen, although for small loads 
the extension is practically ended after a few minutes. 
A load which is so great that it strains the wire per- 
manently will very often be quite unable to break the 
wire, however long it is applied, but it is never thought 
advisable to allow such a load to act for a long time. 
It is found that after getting such a permanent set 
a wire is more elastic, that is, its elastic strength is 
greater than it was previously. A man who puts up 
bells in a house " kills " his copper wire, that is, gives it 
a permanent set, as he finds that, after this operation, 
it obeys better the laws of elasticity referred to 
above. Similarly a telegraph-line-man kills his iron wire 
before fixing it to the telegraph posts. It is probable 
that the effect of this " killing " is like the straining of 
a piece of riveted work beyond its limits of elasticity, 
which makes all the rivets fit better into their beds. 
It is, however, very curious to see how much set 
can be given to some materials. For instance, a thin 
brass wire gently pulled may be twisted to an enormous 
extent, and still retain elastic properties; indeed, its 
elastic strength may be higher than it was in the be- 
ginning. Againj when a wire by being drawn through 
a die is reduced to a smaller size, there is a complete 
alteration in the arrangement of its particles, and yet 
we know that the drawn wire has usually greater strength 
than it had originally, that is, it will bear a greater 
load per square inch of its section ; even hardened steel 
wire can be drawn in this way. In the same way, a 
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block of copper, by a series of beatings and temperings, 
may be shaped like a pot or boiler, and a coin take 
the impression of a die, without losing their strength. 
In kct, metals seem to be able to flow if sufficient 
stress is appUed to them, and at the end of the opei-ation 
they are as strong as ever; indeed, they are very 
often stronger than before. When they are a little 
harder than they were, this quality, if not wanted, can 
be removed by heating and slow cooling, a process which 
goes by the name of " annealing." 

61. Another noticeable fact. It is found that a 
watch goes faster and faster for some time after it is 
made, but at the end of some months the balance spring 
settles down into a state which does not much change 
afterwards. In this state then its elasticity is greater 
than it was in the beginning. The springs of chrono- 
meters are, however, offcen laid aside as useless after 
a few years' service, their elastic condition having altered 
80 much since the beginning that they have to be 
replaced It has been found that when a long wire 
is kept slightly twisting and untwisting 
except on Sundays, there is a gradual 
softening or an increase of internal fric- 
tion going on all the week, which greatly 
disappears during the Sunday rest. This 
and other facts concerning the behaviour of materials 
which have been overstrained are vaguely comprehended 
under the expression, "fatigue of materials."* 

62. When a load is suddenly applied to stretch 
a wire, it produces greater effects than when slowly 
and quietly applied. We know the reason of this. A 
Weight which slowly applied would produce an extension 
of one inch, would, when suddenly applied, produce an 
extension of two inches. The wire now shortens to 
its original length ; then extends two inches and 
continues to get shorter and longer alternately. As 

* Consult Sir Wm. Thomson's article on Elasticity, in the *' £n- 
tg^dopsdia Britannica." 



there is friction of some kind among tbe particlea of Uie 
wire, and there is also external friction, the lengthenings 
Bud lihortenings gradually lessen till, in a Ehort time, ths 
wire settles down into the same state as it would hava 
been in if the load had been slowly applied. Now, if 
we suppose this wire, when stretched, two inches, 
to be strained Just heyond its elastic strength, it is 
evident that the suddenly applied load does harm, 
whereas, the same loud slowly applied would do no 
harm. The harm is greater if the weight, besides being 
applied suddenly, ia moving before it begins to act 
on the wire. Take the case of a stone which is being 
removed by means of a crane. If the stone, happening 
to fall a Ottle, be brought up by the chain, the increase 
in the stress on the chain is simply proportional to the 
height from which the stone has fallen, and is greater 
the lees the chain is extended (see Chap. XIX.). When a 
wire is lengthened -I foot by a weightof 1,000 lbs., which 
has been increased gradually, we know that the pull on the 
wire began with 0, and, as the wire gradually extended, 
the pidl became greater, till it is now 1,000 lbs. The 
average pull was 500 lbs. and 500 x '1, or 50 foot-pounds 
is the total energy stored up in the wire in the shape of a 
strain. If we wish to give more energy to the wire, we 
must strain it more ; and this is ju.st what we do when 
we let the weight fall suddenly. 

63. The eneigj stored up in any Btraiued body may be 
calculated U we know the streea and the Btrain, The 
mam-spring of a watcli conteins a store oE energy which is 
gradutaly given out by the spring in retnmiag to ua 
HDstrained conditian. Lach strained portion of the spring 
contains a portion of the store, and if at nny place in the 
body then is iuo great a store, the body wiU break there. 
Let US consider why a chisel outs into an iron plate. 
When I strike the head uf a chisel with a liammer I 
give to the chisel in a very short period uf time a certain 
amount o£ energy. This energy id truiiHmitted very 
quickly to the plate throngh the edge of the chisel. The 
shorter and more rigid the chisel, the more qnickly is the 
energy sent through the cutting edge into a portion of the 
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plate. If it is not oonyeyed away rapidly from the edge, 
the amount contained in a nnall portion of material just 
under the edge is very g^^eat, and the material is fractured 
there. As the energy of strain is proportional to the 
product of stress and strain or to strain squared, the pos- 
sibility of fracture for a material is represented by the 
Snare root of tha strain energy it contains per cubic inch, 
a material is brittle there is a sort of instability which 
causes fracture at one place to extend to all neighbouring 
places. And hence, if we deliver with great rapidity to a 
small portion of such a material a moderate supply of energy, 
it is sufficient to produce a large fracture. As our material 
becomes less and less brittle, we must have, over a larger 
and larger part of the volume in which we want fracture 
to occur, a sufficient supply of strain energy delivered. 
Hence, in cutting wood we use a wooden mallet and a more 
<ar less lengthened wooden-headed chisel. The mallet and 
chisel act as a reservoir for the energy of the blow which 
li delivered to the wood from the edge of the chisel 
with comparative slowness and just in sufficient quantity to 
cause rupture in front of the edge. If the wood without 
gaining m strength became more rigid so as to be able 
to earry off more rapidly the energy given to it by the 
chisel's edge, it would be necessary to make the supply 
more rapid by using a more rigid chisel and mallet, 
and as we do this we must take care that the chisel 
itself near the edge is strong enough to resist fracture 
(see Chap. XIX.). 

64. These are facts which we can understand; the 
following, however, are not so self-evident. A piston 
rod is subjected to tensile and compressive stresses, 
often repeated. It is found that its breaking strength 
is not 45,000 lbs. per square inch, which, let us say, it 
woidd be for a steady pull or push, but 15,000 lbs. per 
square inch. If, instead of such an action, we have a 
t^isile stress which varies frequently, although not sud- 
denly, from 30,000 lbs. per square inch to zero, the 
rod will break after a tima In the same way, steel 
which will bear a steady stress of 84,600 lbs. per square 
inch, will only bear 46,500 lbs. per square inch if the 
stress varies between this and zero, but is always of the 
same kind; whereas, it will only bear 25,000 lbs. 
per square inch if the stress is sometimes a pull of 

F 
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this amount^ and is sometimes a push of the same 
amount. 

65. We are also quite ignorant of the reason why 
steel hardens when suddenly cooled, and why this 
hardness is different according to the temperature from 
which this cooling starts. In every workshop the common 
method adopted for tempering a fitter's chisel is 
as follows : — Heat the chisel to a dull red colour, put the 
edge in water to a distance of say half an inch, quickly 
rub with pumice or a file, watch the edge till, as it heats 
by conduction from the thicker portion you know that 
a certain temperature has been reached by seeing a 
certain colour (lightish yellow for a chisel) of oxide of 
iron making its appearance. When this colour appears 
plunge the whole chisel into water. The steel is first 
made extremely hard at its edge, and is then brought 
back to the required degree of hardness by re-heating 
up to a certain temperature and then cooling again. 
This simple process is in common use. In tempering 
other objects sometimes much greater care must be 
taken, since it is often necessary that every portion of 
the object shall be of the same hardness, and in such 
cases the whole may be cooled at first and then re- 
heated in a bath of oil, mercury, or other melted 
metal whose temperature is definitely known. The 
effect is of the same kind, however, whether the process 
is the rough one which I have described or a more 
careful one. It is usual to explain it by saying that in 
suddeu cooling the particles of steel have not had time 
to get into their natural positions when cold, and that 
they jam each other somehow, getting into positions of 
instability ; but if it be remembered that we often find 
steel when hard to be stronger than when it was soft> 
you will see that there is a great deal wanting in this 
explanation of what occurs. As regards the influence of 
impurities, of gases from the ataiosphere which are 
suddenly imprisoned among the particles of steel, 
very little is yet known. Again, cast iron is stronger 
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if oompresaed in the melted condition until it solidifies, 
and we explain this vaguelj by saying that the 
pressure closes up little cavitiea Metal wires are 
Btrongthened in being drawn smaller through dies, 
bat they lose this increase of strength, and gain in 
toughness, when afterwards heated and cooled slowly. 

66. I need not give you any more items of a long 
catalogue of curious properties of materials which we do 
not yet understand. Workmen know of and depend 
upon many of these actions, but nobody seems to have 
any clear idea as to how they take place. It is not merely 
that workmen temper steel and find that curious changes 
occur in the properties of their steel when it is altered a 
little in its chemical state ; the philosopher and the 
workman are equally aware of these facts, and equally 
ignorant of their real nature ; but some workmen who 
deal with little mechanical contrivances make use in 
their trades of certain properties of brass and iron and 
steel which the philosopher is quite ignorant of, and it 
is possible that an observing workman who knows a little 
of chemistry and physics may discover the key to all 
the mass of hitherto unexplained facts which I have 
indicated. As an illustration of an explainable 
effect which for a long time troubled the minds of 
students, the reader may refer to Art 61 — in which I 
speak of the elastic strength of materials, which to some 
extent depends upon the loads to which the materiala 
have previously been subjected. 
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CHAPTER VIIL 

MATERIALS. 

67. A little knowledge is ilot a dangerous thing if the 
owner is modest enough to feel that it is only a little. 
It is often very useful, for instance, to know the most 
elementary facts of chemistry^ for these will give you 
clear ideas as to the changes which occur during the 
manufacture of metals, the cause of the rusting of metal, 
the burning of fuel, and many other matters which you 
would otherwise be unable to comprehend. Again, a 
little knowledge of electricity would enable you to get 
clear ideas as to the action by which, when two metals 
touch in a liquid, one of them rapidly corrodes and the 
other does not, and how it is that oil preserves a polished 
metal surface. A little knowledge of heat will give 
you clear ideas as to how friction wastes mechanical 
energy by converting it into heat. It will tell you that 
when a body is heated it expands uniformly in all its 
dimensions ; wrought iron, "00001 235 of every dimension 
for one degree Fahrenheit; cast iron, '00001127; steel, 
•00001145; brass, -00001894; copper, -00001717 ; lead, 
•00002818; glass, -00000861; and Platinum, -00000884. 
It will tell you that when a gas is heated 490 degrees 
from the temperature of freezing water at constant 
pressure, it expands to twice its volume or cubic con- 
tent, and that liquids expand very much less than 
gases and more than solids. It will also give you clear 
ideas about melting and boiling, about the way in which 
heat is measured as a form of energy, and the properties 
of steam which enable it to be used in the steam-engine. 
It will also tell you about the giving up of heat from one 
body to another by conduction and radiation, things 
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wMcb enter into eyery process going on in the workshop, 
and of which you can only have vague and incorrect 
ideas unless you spend a month or two in experi- 
menting. I am sorry I cannot give you this clearness 
of ideas by anything which I can write; I know 
no other way of obtaining it than through your own 
handling of some simple apparatus such as is usually 
kept unfortunately for the mere illustration of lectures. 

I mean in this chapter to give a rough account of the 
various materials used in construction. 

68. Stone. — The rocks which have once been melted, 
«id have cooled slowly, are usually hard, comymct, strong, 
and durable. They are most easily worked when regard 
is paid to the fact that they naturally divide up into 
certain regular shapes. They are all more or less crys- 
talline in texture. Stratified rocks are those which have 
been deposited at the bottom of a sea or river ; they are 
often easily divided in a direction parallel to the 
layers of which they are built up, but sometimes there 
are lines of easy cleavage in other directions. These 
rocks vary very much in appearance, according to the 
method of their formation, and to the heat and pressure 
to which they have been subjected, sometimes being 
very crystalline, strong and durable, like marble ; slaty 
rocks may be hard and durable, or soft and perishable ; 
sandstones are hardened sand of different degrees of com- 
pactness, porosity, strength, and durability ; there are 
limestones whose particles seem to form one continuous 
mass, and which, when they have been subjected to great 
heat and pressure, become ma/rhles ; there are also lime- 
stones, which are composed of distinct gi-ains cemented 
together, and which may vary very much in compactness, 
strength, and durability ; besides these there are covr 
glomerales, in which fragments of older rocks are im- 
bedded. A little knowledge of geology is necessary in 
order to understand the properties of rocks. Stones are 
preserved by coating them with some material such as 
coal-tar, various kinds of oil and paint, and soluble glass, 
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which fills their pores and prevents the entrance < 
moisture. An artificial stone, which can be mad 
in blocks of any required size and shape, is obtaine 
hj turning out of moulds and afterwards saturatii] 
with a solution of chloride of calcium, a mixture of clea 
sharp sand and silicate of soda. The chloride of calciu] 
and silicate of soda produce silicate of lime whic 
cements the sand together and thus gradually consolidati 
the whole mass. 

69. Bricks. — Bricks are made of tempered cla; 
moulded, dried gently, then raised to and kept at a whil 
heat in a kiln for some days, and cooled gradually 
Bricks should have plane parallel surfaces and shai 
right-angled edges, should give a clear ringing soun 
when struck, should be compact, uniform, and some whs 
glassy when broken, free from cracks, and able to absoi 
not more than one-fifteenth of their weight of wate: 
They ought to require at least half a ton per square inc 
to crush them. 

70. Limestone, when burnt in kilns, gives off carboni 
acid. If pure it forms quick-limey which combine 
readily with water, becoming larger in volume. Mixe 
with clean sand this forms mortar, which, in the cours 
of time, hardens by losing its water and combining wit 
carbonic acid from the air. If the burnt limestone wer 
not pure, but contained certain kinds of clayey material 
iron, &c., it would not combine with much water, but whe: 
ground up fine, water enables its particles to combin 
chemically with one another with greater or less rapiditj 
depending on its composition. Such cement first sett 
acquiring a large degree of firmness, and then mor 
slowly becomes as hard as many limestones. Whe: 
these natural hydraulic limestone^s are not available 
nearly pure limestone may be mixed with a proper pre 
portion of blue clay to produce, when ground and mixe< 
in plenty of water, then drained and dried, then bum 
and ground up again, an artificial cement^ which is equa] 
if not superior, to the natuiul cement Sand in morta 
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n,T«s expense and prevents the cracking of (lie mortar 
in drying, but in too great a proi)ortion it weakens the 
mortar. Two meaaures of sand to one of slaked lime in 
paste is the average allowance, but every person who 
uses mortar ought to test a particular lime to see how 
nrnch sand it will bear to have mixed with it ConOTete 
u a mixture of gravel or broken stones and hydraulic 
lime, the stones and gravel having about sue tunes the 
volume of the lima 

7L Eartll. — It is usual to consider that the pressure 
of earth against a wall, A B (Fig. t r o e 

34), is due to the tendency of a H f 

*6dg&«haped mass of earth to 
ilide downwards. "We may sup- 
pose that ABC, or A B D, or 
- A B s, is the sliding wedge, and we 
choose for our calculation that 

one which presses most against „ 

the wall. It is the weight of ^ }] 

Qte wedge of earth which ui^es i^ m. 

it downwards ; friction at its 

&ee B C, B D or B s tends to support it, as well as Miction 

against the surface A b, where it presBes on the walL 

^lis friction is usually calculated from knowing b f, the 

ruOural slope taken by the earth when not prevented 

&om slidii^ It is obvious that if the earth is very 

Nft, or if much water gets between the earth and the 

vail, the pressure becomes like that of water. It cannot 

be said that experience baa proved the untruth of this old 

theory; experience has shown that it is somewhat di£B< 

J- cult to find what is the natui'al slope 

i'''"^;::^-- of the earth immediately behind a 

^.^^^^--''''^X wall, and what is the friction between 

^^^T* i the wall ajid the earth. Bankine, 

jn^ J. neglecting the friction against the 

wall, obtains from such a common- 
sense view as I have given, the following rule, which has 
been found to work fairly well in practice. Draw an 
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angle x o B (Fig. 35) to represent tlie natural slope of the 
earth. Describe T r x a semicircle touching o R. Now 
if A B (Fig. 36) is the vertical face of a wall sustaining a 

bank of this earth whose slope is 
A c, make the angle x o p equal to 
the inclination of A c to the horizon. 
Find B D so that p o : o Q : : A B : 

BD. 

Then a B D is a wedge of earth 

whose weight represents the total 

pressure acting on A B. The pres- 

Pig. 36. sures act in directions parallel to 

A c, and the resultant force, repre- 
senting the total pressure, acts a third of the way up 
from B to A. You must remember that this is a mere 
rule giving the result of a calculation, and that the 
wedge A B D is an imaginary thing used to help the 
memory. 

72. Water. — The pressure of still water is at right 
angles to any surface, and does not depend on the slope 
of the sui-faca It is greater at greater depths. If the 
pressure per square foot at any place is known, we 
can calculate the additional pressure at any lower level, 
for it is the weight of a vertical column of water 
one square foot in cross section reaching from the one 
level to the other. The pressure at all places on the 
same level is the sama Suppose that when water fills 
a vessel from which it cannot escape, we push in a 
piston or plunger until the pressure on the plunger is 
increased by say ten pounds per square inch, then at 
every place in the vessel there will be the same increase 
of pressure. Water is compressed about one forty-sixth- 
millionth of its cubic content for one atmosphere of 
pressure. (The pressure of one atmosphere is 14*7 lbs. 
per square inch, or 2,1 I71ba per square foot.) The total 
pressure of water on any surface is obtained by regarding 
the pressure on each little portion of its area as a force, 
and finding the resultant of all the forcea On any 
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plane surface submerged in a pond, the total pressure 

w fwmd to be tJte weight of a colwmn of toater whose 

cross section is the area, and whose length is equal 

to the vertical depth of the centre of gravity of the area 

lehw still water level. If water is not still, but has a 

steady motion of any kind, let us consider the path taken 

1)7 any particla Suppose that it goes more quickly 

at one place than another, then we shall find that its 

gain of kinetic energy is accompanied by a lowering 

of level or else by a lessening of pressure. If it is not 

getting lower in level then it must be exerting less 

pressure. In a horizontal pipe where the section is 

smaller the velocity must be greater, and here the 

pressure must be less.* No matter how quickly water 

may move in a pipe, the pressure can never become 

equal to that of a vacuum, because the water will give 

off vapour and completely alter the conditions of the 

case. Remember that the law given in the note supposes 

tliat there is no friction. The frictional loss of energy 

experienced by a particle of water moving in pumps and 

pipes is found by exjjeriment to be nearly proportional 

to its kinetic energy.t Hence in hydraulic presses, and 

* If a little volume of water (one cubic foot we take for simplicity), 
vhoBe weight is w pounds, is h feet above some datum level, if the 
pressure upon it is p pounds per square foot, and its velocity is 
V feet per second, then hw v& the potential energy, due to its merely 
being above the datum level. It has also, in virtue of the steadiness 
of the motion, pressure or potential energy, which is represented by p 

foot-pounds, and its kinetic energy is ^ - v*. Its total energy is then — 

hw + p •¥ \ r*, 

and however its position, pressure, or velocity may change during its 
motion, the simi of these tnree terms remains the same, so that if two 
are eiveu the third may be calculated. The student may object to 
this by saying that ])ressure cannot be regarded as a form of energy ; 
however, it is certain that in steady motion pressure enters into the 
expression for the total energy, and this is due to the fact that in 
nearly still water the pressure represents the work which all the rest 
of the water will do upon a particle should it rise slowly to a higher 
lereL (See my ** Cantor Lectures on Hydraulic Machinery "). 

t The force of friction in fluids is proportional to the velocity, 
when the velocity is smsdl ; it is proportional to the Bt^yxaxe ot the 
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in other machines where there is only a slow motion 
of the water, the loss through Motion is much more 
negligible than it is in tiirbines and pumps. Thus, in 
a reciprocating pump, as the flow of the water is stopped 
in the barrel and valve-chest every stroke, its kinetic 
energy is all wasted, and hence it is advisable to make 
this flow as slow as possibla By the use of air vessels 
we can prevent the flow of water being suddenly stopped, 
and thus prevent the total loss of tibe kinetic enei^. 
At any particular kind of bend in a pipe the energy lost 
is a certain fraction, or multiplier, of the kinetic energy, 
and this fraction, or multiplier, is found by experiment 
73. Example, — ^Water flows from an orince in a 
vessel into the atmosphere. The still water surface is 
twelve feet above the orifica What is the velocity of a 
particle of the issuing water which is in contact with 
the atmosphere 1 (The particles in the interior of the jet 
may not be at the pressure of the atmosphere.) Now, 
when this particle was motionless at the surface of the 
water in the vessel, its pressure was that of the 
atmosphere ; call it zero. Pressure energy, then, is zero 
at beginning and end. Loss of potential energy is the 
weight of the particle multiplied by the difference of 
level, and this has all been converted into kinetic energy. 
If the weight of a particle is 1 lb., it has 12 x 1 or 12 
foot-pounds of potential energy changed into kinetic 

energy, but its kinetic energy is grq x square of its 

velocity in feet per second; hence the square of its 
velocity is 64-4 x 12, or 772*8, or the velocity is 27*8 
feet per second. You will, in fact, find that the velo- 
city of the particle is the same as if it had ^len 

▼elocity in the case of ordinary iteamers, and becomes proportional to 
a higher power of the velocity in very quick moving vessels. Now the 
energy wasted per second in overcoming friction is equal to the force 
of friction multiplied by the velocity per second. Hence in water 
pipes, when the velocity is not great, the energy lost is proportional to 
the squ\re of the velocity ; in ordinary ships it is proportional to the 
cube of the velocity. 
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freely from the height of twelve feet^ I^ instead of 
flowing into the atmosphere, the water flowed into a 
place where the pressure is greater than that of the 
atmosphere, the velocity would have been less. If you can 
find a place in the issuing jet at every point of which the 
water flows at right angles to the cross section of the jet, 
and this seems to be the case at the most contracted 
part of the jet just outside a circular orifice, then ths 
area of this cross section in sqv^a/re feet mvltiplied by 
the velocity we have calculated in feet per second gives 
the quaffUUy of water in cubic feet per second. In the 
same way ike qtuintity of water flowing through a pipe 
is the cross sectional area in sqius/re feet fnuUiplied by (he 
velocity. 

74. Timber. — ^A tree is made up of a great number 
of little tubes and cells arranged roughly in concentric 
circle& The process of seasoning consists in uniformly 
drying the timber. As each little portion dries, it con- 
tracts, and becomes more rigid, and it contracts much 
more readily in the direction of the circular arrange- 
ment of the tubes than it does towards the centre 
of the tree, and least easily in a direction sAons 
the tree. It 13 obvious, then, that if the tree is dried 
whole, there will be a tendency to splitting radially. If 
the tree is cut up before drying we can tell the way in 
which the planks wiU warp if we remember the above facts. 

Firwoods are easily wrought, and possess straightness 
in fibre and great resistance to direct pull and transverse 
load, and are largely used because of their cheapness. 
They differ greatly in strength, but their defect is thf ir 
inability to resist shearing. The best of these is the 
red pme or Memel timber from Kussia, which can be 
had in large scantlings, and thus used without trussing. 
The white fir or Norway spruce is suitable for planking 
and light framing, and is imported from Christiania in 
** deals,'* "battens," and "planks." Larch is a very 
strong timber, hard to work, and has a tendency to warp 
in drying, and is therefore not suitable for framing, but 
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is largely used for railway-sleepers and fences, because 
its durability when exposed to tlie weather. Cedar la^ 
long in roofs, but is deficient in strength. 

The English Oak is the strongest and most dural 
of all woods grown in temperate climates, but is ve 
slow-growing and expensive. Its great durability wh 
exposed to the weather seems to be due to the presen 
of gallic acid, which, however, in any wood corrodes ir* 
fastenings; trenails or wooden spikes should be us 
instead. Teak^ which is grown in the East, is the fine 
of all woods for the engineer. It is very uniform aj 
compact in texture, and contains an oily matter whi 
contributes greatly to its durability. It is used special 
in ship-building and railway carriages. Mahogany 
unsuitable for exposure to the weather, but it has a fi: 
appearance and is not likely to warp much in dryir 
It is chiefly used for furniture and ornamental purpose 
and to some extent in pattern-making. ^^A is noted f 
its toughness and flexibility, and a capability of resisti] 
sudden stresses of all kinds, which make it special 
adapted for handles of tools and shafts of carriages, 
is very durable when kept dry. It is not obtainable 
large scantlings, and is sometimes very difficult to wor 
Elm is valuable for its durability when constantly w( 
which makes it useful for piles or foundations under watt 
It is noted for its toughness, though inferior to oak in tl 
respect, as also in its strength and stiflhess. It is ve: 
liable to warp. Beech is smooth and close in its grai 
It is nearly as strong as oak, but is durable only wh< 
kept either very dry or constantly wet. It is "wsry toug 
but not so stifl'as oak. (See also Table VI.) - 

The best time for felling timber is wh< 
the tree has reached its maturity, and in autumn when t] 
sap is not circulating. We want to have as little sap 
the timber as possible, and in order to harden the sap woo 
some foresters are of opinion that the bark should 1 
taken off in the spring before felling. After timber 
felled, it is well to square it by taking off the outer slal 
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Timber is, for the most part^ dried by patting it into 
hoUiir chambers, from one to t^a weeks according to the 
tliickness. Even when kept quite dry, ventilation is 
OBcessary to prevent dry rot. The circumstances least 
fiivourable to the durability of timber are alternate 
wetting and drying, as in the case of timber between 
liigh and low water mark, whereas good seasoning and 
ventilation are most favourable conditions. The most 
effective means adopted for preserving timber is by 
ttturating it with a black oQy liquid called creosote. 
The timber is placed in an air-tight vessel, and the air 
via moisture extracted from its pores as far as possible. 
The warm creosote is then forced into these pores at a 
pressure of 170 Iba per square inch. In this way timber 
nuiy be made to absorb from -nrth to ^th of its weight 
of creosote. 

75. Glass. — Glass is a combined silicate of potassium 
or sodium, or both, with, silicates of calcium, aluminium, 
uon, lead, and other chemical substances. Certain 
nuitnres of flint and chemicals are melted in crucibles, 
formed when hot into the required shapes, and cooled as 
slowly as possible. The more slowly and more uniformly 
the cooling is effected, the more likely is it that the glass 
shall be without internal strains. When glass is 
suddenly cooled, as when a melted drop falls into water, 
^e outside is suddenly contracted, becomes hard and 
Wttle, and there are such internal strains that if the 
*&pering part be broken or scratched at the point, the 
^hole drop crumbles into a state of dust. A blow or scratch 
®ii the thick part produces no such effect. Heating and 
padual cooling destroys this property. Many peculiarities 
m the behaviour of metals when heated and cooled seem 
^ be caricatured in glass, possibly because they are due 
^ the fact that all the portions of matter which are about 
tefonn one crystal must be at the same temperature, and 
when the substance is a bad conductor of heat there is 
peat variation in temperature. Pure metals are good 
<iondactorsy but the admixture of small quantities of 
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carbon and of gases hurts their conductivity. Toughened 
glaaa is the nauie wrongly given to the hardened glaai 
produced by plunging gloss, in a nearly melting state, 
into a rather hot oily batk This gloss is somewhat in 
the condition of the glass in a Kupert's drop. It ia bo 
bard that it is ditGcult to cut it with a diamond, but if 
the diamond cuts too deep the whole mass breaks up into 
little pieces. Objects made of it may be thrown violently 
on t]ie floor without breaking. 

76. Caat Iron. — Certain chemical changes occur wheo 
the ores of iron are smelted ; the iron ceases almost en- 
tirely to be in chemical combination with other substances, 
and impurities almost disiLppear, excepting carbon, which 
is mainly derived from the fuel. In the cupola of the 
foundry a greater purification is effected, and it Is found 
that the composition of a casting is from 97 to 95 per 
cent of iron, with 3 to 5 per cent, of carbon, although 
traces of other substances are to be found. About i\ 
cwts. of good coke are usually required to melt each ton <u 
iron in a cupola. When the carbon is all chemicaSy 
combined uritA (/ta iron, t/te cant iron m wliil« {specular 
iron) and ia very fiard and brittle. Wlten only a Uttlt 
of the carbon is chemically combined, arid moat of iii 
particlet crystallize aeparaiely, Ike cast irom ia grey in 
ealoiir. Using the common names for the difierent 
varieties, No. 1 is darkest in colour, and from Ko, 4 to 
'So. 1 there is a gradual darkening in colour. Nos. 1, S, 
3, and 4 are commonly used in the foundry, mixtures 
being made of them in various proportions according to 
drcuiastancea A greater proportion of Na 3 or 4 gives 
greater strength, whereas a greater proportion of No. 1 
gives greater fluidity, and a better power of expanding 
at the moment when the metal solidifies, so tiiab the 
sharp comci-3 of the mould are better fiUed. Higher 
numbers than 4, as 8, 7, 6, and 5, the white varieties, 
are seldom used in the foundry, but they may be 
converted into grey varieties by slow cooling. To 
Boften a hard casting it ia heated in a mixture of 
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bcme ash and coal dust or sand, and allowed to cool tliere 

slowly. 

77. Patterns of objects are usually made in yellow 
{Hne, about one-eighth of an inch per foot in every direc- 
tion larger than the object is to be, because the iron 
object conto<^ to this extent in cooling. Prints are 
excrescences made on the patterns to show in the mould 
where certain cores are to be placed. These cores are 
made of loam or core sand in core-boxes, which the 
pattern-maker supplies ; they represent the spaces in the 
object where the melted metal is not to flow. You must 
Bee for yourself in a foundry what are the usual methods 
of prepaiing a mould ; how the pattern is made so 
&8 to draw out easily ; how the moulder arranges his 
vents to let gases escape; how he places his gates to 
let the metal run into the mould with just enough rapidity, 
and yet without hurt to the mould. You must also see 
for yourself^ taking sketches in your notebook and making 
a drawing of the cupola, Ijow the pig iron is melted 
^d poured into the moulds; how the moulder stands 
moving an iron rod up and down in one of the gates, 
producing just so much circulation and eddjring motion 
in the melted iron, as is likely to remove bubbles of gas 
which may otherwise be unable to escape from the sides 
&nd comers of the mould; how in some castings he 
exposes to the air certain parts which would otherwise 
cool too slowly for the rest of the object; how next 
morning he screens his sand and wets it You ought to 
observe the appearance of the castings before and after 
^ey are cleaned up next morning. 

78. The Cooling of Castings. — ^The most important 
matter in connection with moulding is that there 
sball be the same amount of contraction at the same 
time in every portion of the mass of metal as it 
coohj; otherwise, when finiBhed, there may be internal 
^ains which very much weaken the object, and often 
produce fracture. In designing the shape of an object 
^hich is to be cast, care is taken that when a thin 
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pCFTtion joins a thick one, it shall do so bj getting 
graduaJij' thinker, and not by aa abrupt change of size. 
The thin piece exposes luoie auri'ace, and coolinfj ia 
effected through the Burfiice. The thin rim of ft 
pulley cools Bixiner than the arms, and becomes rigid 
sooner : when the arms cool they contract ao much as some- 
times to produce fracture near the junction. In a thick 
cyiindric object tfio outer portion becomes rigid first ; 
now, when the inner jjortion contracts, it tenda to 
make the outer portion contract too much, and the 
outer portion prevents the inner from contracting aa 
much as it ought to, bo that the outer pori;ion retains a 
compressive strain, ajid the inner a tensile sti-ain. When 
a hollow cylinder ia cast, and is required to withstand a 
great bursting pressure, that is, ftll the metal is required 
to witlistand tensile stresses, it ia usual to cool it from 
the inside by means of a metal eore, in which cold water 
circulates. The inside now becomes rigid first, the 
outer portions as they solidify contract, and tend to 
make the inner portion contract moi'e than it naturally 
would, and thei'e is a permanent state of compres- 
sive strain in the object which materially helps it to 
resist a bursting pressure. This inequality of contrac- 
tion and production of initia' strains in objects cauae 
them to vary in their total bulk as compared with that of 
their patterns, but it is probable that some of this varia- 
tion ia due to the fact that the contraction of grey caat 
iron is only one per cent, of its linear dimensions, 
whereas white cast iron contracts two to two and a half 
per cent. The fiuctional difference between size of pattern 
and the finished object varies from one-twenty-fifth of an 
inch per foot in small thin objects, to one-eighth of an 
inch per foot in heavy pipe castings and girders. As 
there is always great inequality in the rate of cooling of 
a casting near a sliwep comer, internal strains may be 
expected here, and also an inequality in the nature of 
the cast iron, since tbe gr^ variety gets whiter the more 
rapidly it is cooled. In nearly all bodies are-entraal 
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corner is a place of weakness (see Art. 95), 
and is specially to be guarded against in 
castings. Crystals of cast iron and other metals group 
themselves along lines of flow of heat When a plate or 
wire of iron or steel is rolled or pulled, the crystals become 
more longitudinal, and the wire or plate becomes stronger, 
whereas annealing allows the crystals to arrange them- 
selves laterally, and the material is weakened. Castings 
which have been rapidly cooled by being cast in an iron 
mould (painted on its inside with loam) are whiter and 
very hard in tiiiose parts which lie nearest the mould, 
whereas they are grey and strong insida These are called 
diUled castings. When a casting is put in a box, sur- 
rounded with oxide of iron, and kept at a high tem])erature 
iar a length of time, its surface, to a depth dependent on 
the time, loses its carbon and becomes pure or wrought 
iron, which is much tougher than cast iron. The teeth 
of wheels are sometimes heated in this way. Such are 
nudleahle castings. Melted cast iron possesses the 
property of dissolving pieces of wrought iron, and is 
then said to be toitghened cast iron. 

79. Wrought Iron, — Cast iron is exposed to the air in 
a melted state for a long tim^ and the carbon is burnt out 
of it The pig-iron really undergoes two processes, one 
called refining, the other puddling. It is then hammered 
and rolled when hot into bars of various shapes. The 
quality of wrought iron bars as bought in the market 
varies greatly. We have common iron, used for rails, ships, 
and bridges ; best, double best, and treble best Staffordshire 
irqp, used for boilera and forgings generally ; Lowmoor, 
Bowling, and other good irons for the most difficult 
forgings ; and lastly, c/iarcoal iron, which is nearly pure. 
Up to the temperatures of ordinary boilers, the tensile 
strength of iron is not much diminished by heating, 
but at a red heat it is very much less than in the 
cold state. By rolling and hammering when hot, iron 
gets a fibrous texture, and becomes more tenacious. 
By hammering when cold, or by long oontinued straina 



84 



PRACTICAL HEGHAITK.-fl. 



[Quip, vn^ 



uf a vibratory kmd, it is thought tbat wrougLt iroa 
changes its fibrous and tough for a crystallised aui 
luore brittle condition. This brittle condition may b« 
removed by heating and slowly cooling (annealing) 
Iron wire is stronger the thincev it is. Bar iroi 
is generally stronger than angle or T-iron, and thii 
again than plate iron. The toughness of an iron bar ii 
best shown by the contraction it undergoes before i 
Ijrcaks. The section of a very tough bar may contrac 
us much as forty-five per cent in area. Case /utrdenirn 
of a wrought iron object is effected by heating it in i 
Iws. with bone-dust and horn shavings. The iron absorbi 
carbon, and is partially converted into stceL 

80. Steel.— -Steel contains less carbon and impuritie 
than cast iron, and thus lies intermediate between eas 
iron and wrought iron. It is produced by giving cai'boi 
to wronght iron, keeping the iron heiited for some dayi 
171 cont-act with powdered charcoal, and then hanmierinj 
it whilst hot till it is homogeneous, or else casting i 
when melted into ingots. Steel is also produced b] 
taking only a portion of the carbon from very puP 
varieties of cast iron by a puddling process Buch as i 
employed in the production of wrought iron, or by thi 
Bessemer process. In the Bessemer process, air is forcet 
into the melted cast iron for a time, and very pure whib 
cast iron is then added to help in removing bubbles o 
gas. I have already told you about the tempering 
steel. (Art. 65.) It is more fusible than wrought iron 
and some success has been met with in the production 
steel castings in spite of the fact that they are apl^b 
contain cavities. The atrength of steel is greater thai 
that of any other material, and is greater as it contain 
more carbon. The properties of steel depend so mufi] 
on so many seemingly small things, small impurities i 
little too much heating or variation in the rate of cool 
ing at different places, that great care must be taken ii 
working it. By the Bessemer and yiemens prooesse 
great quantities of steel are produced cheaply, coataix 
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log small percentages of carbon. This steel is largely 
coming into use for locomotive rails, bridges, and ships, 
instead of wrought iron. 

81. Copper is noted for its malleability and ductility 
^en both' hot and cold, so that it is readily hammered 
into any shape, rolled into plates, and drawn into wires, 
^hen cast it usually contuns many cavities, but when 
pure it may be worked up by hammering into a state of 
^reat strength and toughness, whereas slight traces of 
carbon, sulphur, and other impurities necessitate its being 
refined to get rid of its brittleness. The brittleness pro< 
diiced by hammering when cold is very different, as it is re- 
movable by annealing. Copper is an expensive metal, and 
ia only used now for pipes which require to be bent cold, 
for bolts and plates in places where iron would be more 
readily corroded, and for electrical purposes. Its tensile 
strength is more reduced by heating than that of iron. 

82. Brass consists of about two parts by weight 
of copper to one of zinc. It is used chiefly on 
aooount of its fine appearance and the ease with which it 
can be worked. A little lead added in melting makes it 
much softer. Muntz metal contains more zinc than 
ordinary brass. Bronze and Qun-metal are alloys of 
copper and tin in vaiying proportions, more tin giving 
greater hardness. Five of copper to one of tin is the 
hardest alloy usjed by the engineer. A slight addition of 
zinc increases the malleability. A great many experi- 
ments have been made on bronze. Its strength depends 
very much upon the care taken in mixing the metals. 
It makes good castings, which are usually formed in cast- 
iron moulds. Hard bronze is much used for the bear- 
ings of shafts. There are also various soft alloys of copper 
^th lead, zinc, tin, and antimony, which are used for this 
purpose. Phosphor bronze is an alloy of copper and tin, 

' to which some phosphorus has been added. It bears 
w-melting (unlike gun-metal), and its properties may 1)6 
varied at will. It may be either strong and hard, or 
Weaker but very tough. ♦ 
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CHAPTER IX. 



SHEAR AND TWIST. 



. 83. Let c D (Fig. 37) be the top of a firm table, F H a 
long prism of india-rubber glued to the table, A B a flat 
piece of wood glued along the upper side of the india-rubber. 
We try in this way to apply a horizontal force to the whole 
upper surface of the india-rubber, so that if, for instance, 
the pull in the cord is 20 lbs., and the upper surface of the 




Fig. 88. 

india-rubber is 10 square inches in area, there will be a force 
of 2 lbs. per square inch acting at -every part of the surface, 
and this force will be transmitted through the india-rubber 
to the table. When the length of the prism is great 
compared with z F, we may suppose that the bending in 
it is very small, and in this case we say that the india- 
rubber is being subjected to a pure «/*ear strain, and the 
force per square inch acting on its surface is also acting 
from each j^rizontal loiyer to the next and is called the 
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Stress, If yon had drawn vertical lines like t' x 
before the cord was pulled, you would now find them 
sloping like y z. Thus, making a magnified drawing of 
^xin Fig. 38, the point y' has gone to y, and any point 
like M has gone to N. Points touching the table cannot 
fflove, but the farther a point is away from this fixed 
part the further it can move. Now suppose that \' y is 
OOl inch, and we know that x y' is 2 inches, what is the 
amount of motion of m if m x is 1 *7 inch ) Evidently 
y' Y is greater than m n just in the proportion of y' x to 
KX, or 2 to 1'7, hence m n is 0*0085 inch. Thus the 
motion of any point is simply proportional to its dis- 
tance above the fixed plane, and if we know the amount 
of motion at, say a distance of one inch, we can calculate 
what it must be anywhere else. I7ie amount of motion 
at <me inch above the fixed plane is called the shear strain. 
In this case we have supposed the force on p g to be 
2 lbs. per square inch. Tlus is said to be the amount of 
the shear stress, aud it produces or is produced by a 
shear strain whose amount is -005 inch per inch. If 
the shear stress were 4 lbs. per square inch, you would 
find the strain to be "Ol, if the stress were 8 lbs. per 
square inch the strain would be 02. In fact, we find 
experimentally that the stress and strain are proportional 
to one another. Thus if, instead of india-rubber, we 
had a block of tempered steel, we should find that the 
force in pounds per square inch is equal to 13,000,000 
times the strain. This number is called the modulus 
of rigidity for steel ; it is given in Table III. 

84. Example, — A beam of steel has one end fixed, and 
at the other is a weight of 20 tons. The cross section of 
the beam is 2 square inches in area, and the length of 
the beam is 5 inches. Besides the deflection of this 
beam due to bending, there is a certain deflection due to 
shearing ; how much is it 1 Answer : the shear stress isr 
10 tons, or 22,400 lbs. per square inch. This produces a 
shear strain of 22,400 -f 13,000,000, or -00172. This 
18 the amount of yielding at 1 inch from the fixed end^ 
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snd at 5 inches the yielding must be 5 x -OOITS, or 
■0086 inch. 

85. The shear stress which will prodnoe rupture ix 
not well knnwn for any nubstunce except cast and 
wrought iron, but the shear stress which will produce 
permanent set is faiily well known, und we are also 
agreed as to the ordinary working sliear stress of 
materials. For wrought iron it is usually regarded 
as less than the working tensile stress; but in a single- 
riveted lap joint in boiler-plates, as the holes are 
usually punched (and this weakens the metal), and as 
rivet iron is usually of a better quality than plate, the 
cross sectioo of the iron which is left, which is resisting 
pull, ia made to have the same area as the ci'oss sections 
of all the rivets, which, of course, resist shearing. 
Besides breaking by either a ttnsile or a sliear stress, 
a riveted Joint may give way by the rivet crusliing or 
being crushed by the side of its hol& Again, in many 
riveted joints, when the rivets are long, as tliey tend to 
contract in cooling and are prevented fay the plates, 
80 much tension may remain permanently in them that 
they are greatly weakened. In bolts there is usually 
a want of perfectly uniform distribution of the sliear 
Htress, and they are maile larger than rivets in the same 
positions. 

86. tn the punching of rivetr^holes it is a shearing 
force which acts on the material ; t/ie area of the curved 
aide of t/ie hole, multiplied In/ i/te brea/nng sliear strew 
of the Toaterial per square ineh, repr-esents tite form 
wilit which tIte punch must be pressed down nn the 
plate. The punch must be able to resist this force as 
a compressive stress on its own material. Experiments 
made on punching machines show that about 24 tons 
per square inch is the average shearing force required. 
This pressure has to be exeiled through a very shoi't 
distance indeed, for as soon as fracture occurs the punch 
lias to overcome no more resistance to shear. In Bhearing 
machines, if the entire edges of the shears coincided 
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with the plate as soon as they touched anywhere 
there would be the same sort of effect produced; but by 
induiing the edges the* shearing action does not occur 
instantfuieously at every place, and the rupture being 
more gradual than in punching, the shearing resistance 
is usually from 10 to 30 per cent. less. It is very 
probable that the power lost in punching and shearing 
machines is wasted rather in the friction of the heavy 
parts of the mechanism than in the almost instantaneous 
effort of cutting the material The effort required seems 
rather that of an impact (see Chap. XIX.) than of the more 
gradual action to be found in most existing machines. 
The only excuse for using such uneconomical machines 
9B hydraulic bears and shears is that, although they are 
uneconomical, they may be worked by hand In the fly 
presses used for hand-punching, and used largely in 
coining, the idea of an impact is already in use ; it will 
come much more into use in large machines when 
engmeers become better acquainted with the distinction 
between force and energy. 

87. However long we may make our block of india- 
mbber in Fig. 37, we shidl still have some bending in it — 
that is, the stress will not be uniformly distributed over 
each horizontal layer. To prevent this bending effect, and 
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to produce a really pure shear strain, we ought to have 
force distributed over the ends f z and o h of the same 
amount per square inch as we have now acting over 
p o and z h. These are shown in Fig. 39, where p is 
the pull in the cord of Fig. 37, r' is the equal and 
opposite force exerted by the table on the glued under- 
side of the india-rubber, and f and f' are equal and 
opposite forces distributed over the endB, «vx&\i XiWV \2da 
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couple w t' IB able to Ixdance the couple p P^. There on 
now be no bending moment at any place. As p multiplied 
by the length of the prism is the moment of the couple 
F ¥\ and is equal to p multiplied by the vertical dimen^ 
sion, we see that p distributed orer the horizontal surface 
f is the same stress per square inch as ^ 
^"^^s^MSra^''^ distributed over the ends. From such ck 
l^^^^^pa material then, if we cut a cubical block, ^9 
^^^^^M t Fig. 40, its horizontal faces t y and x ^ 
^^^^^K / are acted upon by equal and opposite tax^* 
^^^^^^ gential forces, and its faces t x, y d; are 
^Wm^K acted upon by forces of exactly the bosdB 
^ ^ — "* amount. The faces parallel to the P*P^ 
Fig. 40. have no forces acting on them. This will 
give you the best idea of pure shear stress 
The material in Fig. 37 near the ends of the block dooB 
not get a pure shear, but if the block is very long, thex^- 
at the middle there is a nearly pure shear acting. 

In Fig. 40 the cube x y^ y' « has become x y y ^^ 
Suppose the side of this cube to be 1 inch, then t' t is th^ 
^ear strain, which I shall c^ a. The tangential forc^ 
distributed over y y is p lb., let us say. Then if wer 
denote by the letter n the modnlns of the rigidity of the 
material, 

. p = V i. 

88. Nature of Shear Strain. — ^Now when y^ mores to 
y, the diagonal x y* becomes extended to x y. Its 
original length was V's (the diagonal of a square whose 

side is 1) and its new length is '^/s + — , as we see very 

easily. Hence the diagonal x y*, and all lines parallel to 
this diagonal, have a tensile strain, whose amount is 

o^lZa. »' 7i - ^* a^d thia ie f Again, in the 

same way we find that the diagonal t^ «« and all lines parallel 

to it, have a compressive strain whose amount is ^. Thus 

it has become quite clear that a pure shear 
strain simply consists of a compressive 
strain in one direction, accompanied by a 
tensile strain in the perpendicular direc- 
tion, these strains being each half the 
shear strain. Now when we have a compressive or 
tensile strain we know that there is compressive or tensile 
stress which produces it; let us find how much this is. 
Consider a sniall right-angled prism of material, shown in 
Fig. 40. ci which m p x. Fig. 41, is the magnified cross 
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•ection. Hake m t, say. 1 inch, m x fhe same, and let the 

length of the prism at right anglee to the paper be also 

1 inch. Neglecting its own weight, this prism is kept at 

rest by fhe matter outside it acting oo its three &ce8. Faee 

M 7 is pushed by a normal ^ 

force of p* lb. per square inch, 

and as its area is just 1 square 

inch, the total push is }/ lb. 

Simflarly the face m k is pulled 

by a normal force of p' lb. 

And also fhe i&ce 7 k is acted 

on by tangential forces of p lb. _ 

per square inch, and as its area y^2 

is ^i square inch, the total -^ 

amount of shearing force act- ^' 

ing on F X is j9 v^ lb. Now 

when three forces keep a body in equilibrium, and two of 

them are at right angles, the sum of their squares is equal 

to the square of the third force (this is easily seen if we 

draw the triangle of forces), hence the square oi p^/^ 

which is 2 J!)", is equal to p'^ -|- jp'* or 2 p'^. Hence p=^p', 

and we have proved that the compressive and 

tensile stresses which occur in pure shear 

strain are numerically equal to what we 

called the shear stress. 

89. One other proof, and I shall leave these interesting 
theoretical considerations. Suppose we cut a cube, a b c d, 
Fig. 42, of one inch side from a material subjected to pure 
shear strain, and let the faces of the cube parallel to the 
paper have, as before, no stress upon them, the other faces 
being at right angles to the directions of compression and 
exteusion. Shear occurs parallel to the face a o; let us con- 
sider the motion of the point d relative to a c ; in fact, 
regard a c as fixed. Under the sole action of the pushes on 
AD and B we know that the side d c shortens by the small 
amount p a (see Art. 54). Let us set this oS. from d to m. But 
when this occurs the side a d lengthens by the amount ph ; 
set this off from m to d'. Hence the pushing forces on a d 
and B c cause d to move to d'. Again, the pulliog forces 
on D c and a b further lengthen a d by the distance p a, 
which we set o£E from d' to l, ar i shorten d c by the 
distance p b, which we set oS. froi i l to d". Hence the 
motion of d due to the pulls and p .shes acting together is 
B d", and we see that this is 

(d M + L d") V* or (a + b) jp V« . 1 

But 8 the amount of shear is d d'' ~ d o, and as D o » -j 
inch and a n is one inch, we have 
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t = (a + 6) j> -%/! -7- ^- OP 2 jp (a + b) 
That Is, sh^ar tirmm = iknur ttreu multiplied ^ 2 (• -f ^. 




So that ^Atf reciprocal of 2 {a '\- b) is what we called n, the 
modnliui of rigidity of tiie material. 

90. General Besults. — Kefcrring back to Arts. 54 and 
55, you will see that we have 

Modulus of rigidity . 



^ ~ 2(a + b) 
^ ^ 8 (a -2k) 



Modulus of elasticity of bulk 

Young's modulus of elaslicity . e = - 

and you will also see that if we know two of these for any 
material we can find the third. 

Some French mathematicians have thought that the 
ratio of ato b, and therefore the ratios of n, k and e to one 
another, are constant for isotropic substances; a being 
always four times b. Experiment has shown that this is 
not Uie case, the ratio of a to 6 being 3 to 2*5 in glass or 
brass, 3*3 in iron, 4*4 to 2*2 in copper, and in other sub- 
stances varying from these values very much indeed. 

Just as Young*s modulus is seldom found from experi- 
ments on the extension of wires, but rather from the 



AirOLX or TWIST. 



is; so Qis modulus of ngiditfis ■eldom 
found from ezperimeiita like that ol Fig. 37, but latbet 
from ezperimonti on the tonion of rods. 



I 91. Twisting. — In Fig. 43, a b representa a wire held 

I Srmly at A. ' At B there is a pulley fixed iinuly to ike. 
I vire, ttnd this puUey is 
I Mted upon by two cords, 
I *hicb tend to turn it 
I vilJioat moTing its cen- 
' tra udewajs. In fact, 
the]' act on the pulley 
vitli a turning moment 
merely. But the pulley 
cui only turn by giving 
a twist to the wire, and 
the smount of motion it 
gets tella us how much 
the twifit ia. A little 
pointer fastened at c 
moveg over a cardbou^ 
tlial, and tells ns accu- 
rately how much twist is 
|iven to the wip& The i 
angle tamed through by ^ 
the pointer is called the 
atigle of tvpiet at C If 
we had a pointer at each 
of the places o, e, and c, 
aiid if A, a, e, and c were 
one foot apart from one 
another, we should find F4- 43. 

tiiat the angles of twist 
at o, H, and c are as 1 : 2 : 3 ; in fact, t/ie a: 
it proportioTial to the length o/vnrt tutiated. 

You will find that if a twisting moment of 10 pound- 
feet produces a twist of 4°, then a twisting moment of 
20 pound-feet produces a twist of 8°, and, in fact, 
lie Ueitt w proportional to the lioMng mommt which 
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is applied. Tou will also find that if you try different 
sizes of wire of the same material, say wires whose 
diameters are in the proportion of 1, 2, 3, &c, and to 
each of them you apply the same twisting moment^ the 
amount of twist produced in them will be in thd propcnr- 

tion 1, j^, gp &c, ; that is, inversely as the Jburtk 

potver of t/ta diameter of the wire. Lastly, taking wires 
all of the same diameters and lengths, but of different 
materials, and applying to them the same twisting 
moment, the amount of twist wiM be inversely propor- 
tional to the nwmher which we call t1%e modulus of rigidity 
of tlie material, (See Art. 87, and Table IIL) The exact 
rule found experimentally is this : — To find the angle of 
twist in a brass wire 20 inches long^ 0*1 inch diameter, 
when a twisting moment of 4 pound-inches is applied, 
multiply 4 by 20, and by a constant number 583*6; 
divide by the modulus of rigidity, for brass 3,440,000, 
and by the fourth power of *!, which is '0001, and we 
get the angle of twist 135-7 degrees. 

It will be seen ihat the strain is a shear strain. 

Consider m H G (Fig. 44) to be a 
cross section of the wire; then a 
point which is at H before the 
twist occurs is found to be at o 
when there is a twist in the wire, 
and a point such as p' moves to p, 
but a point o in the centre of the 
wire does not move. Now there is 
Fig. u. T^o such motion at the fixed place A, 

Fig. 43, and in each section there 
is more of this motion the farther it is away from 
A ; in fact, the motion is just as it was in the india- 
rubber of Fig. 37, only that it varies in the section, the 
motion being greatest at the outside of the wire, and 
nothing at the centre. The material breaks when ihe 
shear stress at the surface becomes too great, and the 
rule found by experiment is that for any material, what- 
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the length of tbe viire, the twifiting moment which 
cause rupture is proportional to Uie cube of (he 
eter. It is well known that when a shaft is trana- 
liiig power, the horse-power transmitted is propor- 
to the twisting moment or toi-que in the shaft 
tiplied by the nmnber of revolutions made by it per 
nte. The rule used by engineers is this: — Divide 
korse-poieer by the. nwrnher of reoolviiom per minute, 
[ txtraet the cube root ; multiply thin remit by 4, 
«W hai'e the safe diameter for a torovght-iron ahq/L 
use the number 3'4 if it is a st«el shaft. 

SS. Consider a little prism, f b (Fig. 46). whose end* lie 
in two cross Beetians of a sLoft nc-ur to^thec. o being the 
centre of one of the sectiooB, snd □' the centre of the other. 
The twisting fibrun caafies b to mi^ve to ti'j regurding F as 
fixed. (Tbe motion is, of course, usuallj Terj mudi leu 
than I have here shown 
it) There tunst theu 
be shearing forces actiog 
on the ends in opposite N. , 
directions. If T is the ^-^ 
iiqle of twist at tbe 
ihaft per inch of its 
length, then b o' b' ia r 
maltiplied by o o', and 
if o F or o' B is r, then 
bb' is r.T.oo', where t 
IB an angle meaBored in 
radiana [see Angle, in 
Glob8Aii!}. The eheac 
itrain in the little prism 
is u b' divided b^ r a 



a that it 




If 



end of the little priam in square incho! 
acting on it is H r T d, and as this acti 
s »* at right angles to the radius, ita mo 



lie shear force 
] the direction 



litUe area into which the cross section qult be divided, 
and to find the total torque we must take tbe sum of all 
inch t«nns. Now n aod t are the same everywhere, so 
taking sDch a sum. our only difficulty is with ths 
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factors r* a. But the sam of all sach terms as f*a is ca 
the moment of inertia of the section about the axis o o'l 
it has been calculated for us. Thus, if d is the diametc 
a round shaft, the moment of inertia of its section abou 
axis through its centre at^ right angles to the eeetio 
irjy^^ 32, and for a hollow shaft whose outside diam 
is D and inside diameter d, the moment of inert! 
T {n^—d^) -i- 32, and hence we see that the momen 
necessary to produce a twist of t radians per inch 
round shaft of diatneter D is 

M=irNT D*-5-32 (1), 

and for a hollow shaft it is 

M = irNT (D<-rf*)-s-32. 

Of course, one radian per inch is the same as 57^'295£ 
inch. 

93. The strength of a shaft is to be calculated cii 
assumption that ruptdre occurs when the shear s 
N r T mentioned above exceeds the greatest shea 
stress to which the material ought to be subjected, and 
occurs when r is the outer radius of the shaft or 4 b ; 
is, when/= J n d t. But from equation (1) we find 
N T is 32 M -^ T D*, and hence /= i d x 32 m -t- t d^j 
this is the condition of strength of a cylindric shaft, 
more compactly put in the form — 

M ^'-^Q for solid cylindric shafts, 
and in the same way we get 

X = '^ \r ' iot hollow cylindric shafts, 

/being the breaking shear stress of the material in pc 
per square inch, m the twisting moment in pound-ii 
which will cause rupture, d the outer diameter, and < 
inner diameter (if the shaft is hollow) in inches. 

We see then that the strength of a solid shaft de] 
on the cube of its diameter, whereas its stifEness dej 
on the fourth power of its diameter. 

94. The above demonstration is found to agree 
experiment, but its results must not be applied exce 
shafts which are circular in section. Our assum] 
which experience warranted, was that when such a 
as A B, Fig. 46, is fixed at b, and when to an arm, c 
twisting couple is applied, e V e r y straight line 
section remains straight and moves thr< 
the same angle as every other line. JE 



I rase for a ihoft of any 
18. let (Fig:. *7), be Uw 
etutro of gravi^ ol Oie 




fig,* 



Pijf. «. 



dusT atniiii at tho point p in in the direction p k perpun- 
dionUi to p. Let ita amount, which we know to be of x 
angle of twiat, he repreaented by tko lon^th of p K. It b 
aaayto abow that tbia ia juat the same im u. ahGur atmin, p ti, 
in the direction p >, normal to the surfaco of the ehaft ak 
r, togetber witb a ahear Btrain in the direction r t, (un. 
gendal to tbe shaft at p. But ah ' - • 




mtion is always accompanied by a aimiloi atiain in a 
le at right angles to this direction (see Art. B7), ao thai 
» we have the shear p s, we must also huTO a aheur 
pmllel to the axis of the piiani along the suiface at p, and 
this cannot he produced merely by a. twisting moment. 
Ve must imagine that along with tho twisting moment 
" re is a force distributed over the surface of the shaft to 
duce the above effects. The leault of ou. exact uvcetti- 




r from what I ha\.^ 



of 



Pig. is. 



the ehaft. Thus Fia 
48 IB the shape asaoniedtr 
each eeetion of kil ellipt.. 
ahaft, and Fig-. 49 of 
sqaara shaft Xmagine 
Bection to be diatiiiguiA 
able, BBT in h ghiss BbaE 
b^ B thin layer of 
dilferent colour from tta 
rEBt. Deeper Hhading ii:: 
dicates gnater distance 
from thi! abBcn-or via 
IB lookiiig towards Urn 
fixed end of the shafM 
The arrows show th_ 
direction of the twisting 
moment. Id the fallow 
ing three sei^tioBB, instead of the torque for a twiBS 
of one radian heing ti^ual to m timta the moment a: 
inertia of the crosa aection, it is onlj St titn^B this foa 
a Bquare sedion (Fig 60), '64 times it for the sertios 
Fig nl, and 6 times it foe the section Fig 62 Indeed,the 
square section has only 88 tunes the toraiona! ngiditj of a 
evlmdno shaft of the same sectional area Fig 61 lus 67 
times, and Fig 62 has 73 times the toisoiial ngiditf id 
a oylindnc shaft nf 
the same set.tioiial 

9S A very in 
toreBting roBiiIt tl 
the investi^tion i* 
that there ii alwa\s 
greatest distortion 
at that part of the t 

snrfaca of a shittt 
(if it hna nrit a circulsr b< 
IB neaieBt th« axis. ThuB, i 
stance is must Btramud at the ends of Ihii shorter 
diameter of the section. Imagine a very li^t box to 
be made so as to contain frlctionless liquid, exactl}' of the 
shape of a phaft. If wo gire a sudden turn to the box 
' ' " ixia, the liquid will hs left behind if the box. 
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Fig. 52. 



is drcular in section, and it will have motions relatively to 
the box which can very readily be imagined if the shan is 
not drcalar in section. Now the actual velocity of the 
Uquid at any place relatively to the box 
is in the same direction as, and is propor- 
tional to, the shear in a similar shaft 
when it is twisted ; this has been proved 
by Sir "William Thomson. You will see 
from this that there is very little strain 
at the projecting ribs of the shaft, 
whose section is shown in Fig. 51 and 
just at the projecting angles of Figs. 50 
and 52. This reminds me of a g^eral remark which I have 
to make, and which I must leave without proof. A solid 

of any elastic substance cannot expe- 
rience any finite stress or strain in the 
neighbour?\ood of a projecting point, 
unless acted on by outside forces just 
at the point. In the neighbourhood of 
an edge it may have strain only in 
the direction of the edge, and generally 
there will be exceedingly groat strain 
and stresses at any re-entrant edges or angles. An im- 
portant application of the last part of the statement is the 
well-known practical rule, that every 
re-entering edge or angle 
ought to be rounded, to pre- 
vent risk of rupture in solid 
pieces designed to bear stress. 
An illustration of the principle is the 
Btress at the centre of the circular 
outline in the three sections of shafts, 
Figs. 63, 54, and 65. In Fig. 53 at 

when the shaft is 
the stress may 





Fig. 51 



o there is no stress 

twisted ; in Fig. 54 

be calculated ; in 

Fig. 55 the stress is exceedingly great 

for even the smallest twist. 

96.* To show that the elastic 
strength (that is, the stress to which a 
material may be subjected before it 
will begin to take a permanent set) of 
Fig, 55. materials jjossesaing ductility, like or- 

dinary metals, may vary to a great extent according 
to the state of strain which exists in the materials when 

* This paragraph is an abstract of a paper published by Professor 
Jftmes IlLomson in the Cambridge and Dublin Mathematical JoumaZ^ 
1848. 
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no external loads are applied to them, let oa take i 

round bar of wronght iron perfectly annealed bo that it 

haa no internal straina when nnloaded. Now let it be 

twisted until the outer portions get permanent set, dsA 

continue the twisting process until each portion of the 

material, from cirenmference to centre, is strained beyond 

the limits of elasticity. When this is the case, the strefli 

at every place is the same as at every other, and it is easf 

to prove that the total resultant couple or torque of reaut- 

ance at a section is one-third greater than it was when only 

the outer portions had acqmred this stress. If now tha 

twisting load be removed, it will be found that the outer 

parts of the bar are subjected to negative strain, andthA 

inside to x>08rtive strain. If now the bar be subieeted to 

any twisting load less than that which we removed, and in 

the same direction, it will undergo no further change, wiS 

exhibit no further pennanent set, and yet this load ma) 

be greater than the load which originally produced a per- 

manent set. It will, however, be found that half tbi 

load, if it twists the bar in the opposite direction, wO 

produce permanent set. In fact, the bar in its nei 

state has twice as much elastic strength t 

resist torsion in the one direction as ii 

the other. It has two limits of elasticity for opposit 

kinds of twisting loads, and, if we are to avoid a nei 

permanent set, we must take care that our twisting load 

do not exceed these limits. Similar principles operate i 

regard to beams, and in general the ^ects are more ol 

servable than in shafts subjected to torsion. We can i 

this way explain why it is that a new beam or shaft tak( 

a permanent set with even small loads 

since the process of manufacture may have given to portioi 

of the material certain strains which they retain when ti: 

beam or shaft is unloaded extomally. 

97. A shaft is usually subjected to both bending an 
torsion at the same time. The bending is due to its ov? 
weight, the weight of pulleys and wheels, and the 
driving forces. In a crank shaft it is of especial impoi 
ance to consider the combined effect, but in ordiiiai 
shafting it may be neglected, for the reason that i 
designing a long line of ordinary shafting we really pf 
more attention to stiffness than to sti*ength. Thus 
will be found that the practical rule given in Art 91 aUo^ 
a considerable margin of safety as far $& mere strength 
resist torsion ia concerned. In a Ioti^'^Vmda oi ebafdng, 
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the power ib given off at variaos places with some 
irregularity, it may evea become evident to the eye that 
the shaft is perpetually twisting and untwisting, for of 
coarse the twist is proportional to the horse-power trans- 
mitted if the speed is constant. When this is the case, 
although the shaft may be strong enough, 
it is not stiff enough. A very long shaft some- 
tuaes gets into a state of torsional vibration just in the 
same way that the cage-rope of a coal-mine gets into a 
state of longitudinal vibration, due to this want of stiff- 
ness. The nature of this vibration will depend on acci- 
dental causes, and should the impulses that give rise to it 
happen to repeat themselves at proper intervals, the vibra- 
tum may go on increasing until the torsion at some place 
may be sufficient to produce rupture. In the same way 
a number of men walking from side to side of a large 
ihip^ just taking as much time in going from one side to 
the other as the ship takes to make a vibration, may 
make the roUing dangerou& 



CHAPTER X. 



BENDING. 

98. In Fig. 56 G D is a beam canying a weight We 
know that the beam transmits the weight to the walls, and 
that in doing so the 
beam is kept in a c -.' ,^ . wi 
strained condition; 
ve must consider 
what is the state of 
strain in the beam. 
To observe this it 
will be well to take 
abeam which is very 
visibly strained, a 
beam of india-rubber. a B is its appearance when 
lying on the table, and you draw upon it a. TwsLOvJoei 




A <z 



c e 
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Pig. 56. 
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of parallel lines in chalk or pencil, a h^ e dj e f, 
Now if you support the beam at its two ends, 
load it. you will find that the lines a b, c d, 
remain straight, but they are no longer parallel ^ 
will find the distance a' e' to be less tiian a e, 
h' d is greater than h d. In fact, a! c' is compres 
h' d' is extended. You will find also that along the 
E F . there is neither compression nor extension. ] 
remains of its old length, although it is no loi 
straight If you consider each cross section of s 
a beam you will see that the upper part of 
is in compression, the lower part of 
is in extension, and there is a place 
the middle where there is neither c< 
_ ^^^ pression nor extension. Fig. 57 i 
exaggerated drawing of the small portio] 
the beam between two such cross secti 
a e d h shows its original shape, a c' d' 
its shape when strained. Evidently ther 
more compression at a c' than at I in', 
, compression becomes less and less as we c 
nearer G h, then the extension begins 

I ,. , becomes greater and greater as we get far 

^ ^^ away from G H until we get to h d\ whei 

Fig. 57. is greatest. If the material is likely to bi 

in compression it will be most likely to bi 

at a d. If it is likely to break in tension it wil 

most likely to break at h d', 

99. If we know the tension or compression at any p 
such as t' or m', we can calculate what it is at any o 
place, for tlie strain is evidently proportional to t/ie 
tan^ from the middle. Thus if at c' there is a com] 
sive strain of '002, that is, there is a compression of 
foot for every foot in lengtk, then half-way betwee 
and c' there is only a strain of '001. There is the s 
strain at the same distance below h, but it is no^ 
extension. Tlie material resists being strained in 
way, and the pushing and pulling forces whic 
exerts at the section e' d\ Fig. 56, are just the fc 
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required to balanoo all the oilier forces acting on the 
part c' D f' T cT. 

100. As c' D T (f' is a body kept at rest by forces, and 
which is no longer altering in shape, it is to be regarded as a 
rigid body.* Now what are the laws under which it is kept 
atresti The forces acting on it must satisfy two conditioius : 
1st, they ought to balance, if they all be regarded as act- 
yng at one point ; 2nd, their turning momenta abotU,any 
poiTU mtist balance. It is this second condition which is 
more important just now ; the turning moments of all 
the pushing and pulling forces on section c d' about any 
point, and it is convenient to take H as this point, must 
balance the turning 
moments of all other 
forces applied to 
c' D T d'. Now we 
know what these 
other forces are; they 
are the weight w, the 
weight of c' T> T d! 
itself, and the support- 
ing force at t; their 
resultant moment is 
called the bending 
moment at h. You 
will generally find 
t^t the forces acting 
on the section are not 
ftU mere pushing and 
pulling forces. Thus in the model. Fig. 58, which shows 
8- beam fixed at one end and loaded at the other ; part of 
*he material has been removed, and instead of it we have 
inserted a chain or link A, which is only capable of exerting 

* In books on mechanics ^ou may have read much about rigid bodies 
^d the laws of their equilibrium, and you may have thought that 
*ttch bodies had no existence ; but you must remember that we can 
f^gard a quantity of water, or a piece of steel spring, or a rope, as a 
ngid body for the time being, if it is being acted on by forces, and is 
^ Umgtr changing Us sharte. 
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a poll, and a rod b, which is only capable of exerting 
push. It is found that two such forces acting on M N 
are not sufficient to keep it at rest; we also need an upw 
force at m, which is equal to the weight w, together "« 
the weight of m N o F itsell We see then that at sue 
flection as m f of a beam we need pulling and pushing for 
but also to satisfy the first condition given above we i 
what is called a bearing force at m f. At m f the b( 
ing moment is w x o F, together with the weigh! 
If N F X the distance of its centre of gravity from : 
This is to be balanced by the pull in the chain A or 
push in the rod B, for these are equal, multiplied by 
distance between their lines of action. If a beam is L 
the shearing force exerted by the material at a sectio 
the beam is usually not so important as the pushing 
pulling forces, and in many cases it is neglected. W 

a beam is ^ 
short the sh 
ing force beco 
more importai 
101. We 

Qow take a case in which there is only bending mon 
to be balanced by the material at a section. Let 
(Fig. 59) be a strip of wood or metal originally strai 
whose weight we shall neglect. Fix or solder to the ( 
stout pieces of metal, and by means of cords and weighi 
in any other way, exert couples on c 

these ends, as shown. Consider ^ 

now the equilibrium of any por- 
tion, say c D B (Fig. 60). At Pig eo 
the section c d we know that 
pulling and pushing forces must be exerted by 
material which exists at the left of c D on the mati 
which exists at the right of c D, and the moment 
these just balance the moment of the forces p 
F, and this is evidently the same at any sectioi 
the strip. The bending moment at any section is i 
the moment of the couple acting at either end. 





/»<- 
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OS suppose this to be 20 pound-inches. Magnifying the 

section c D, as in Fig. 61, and representing the amounts 

of the pulling and pushing stresses by arrows, we see that 

as the sum of all the forces one way must be 

equal to the sum of all the forces acting the ^^ 

other way, and as the stress at each place is 

proportional to distance from o, the part 

where there is no stress is a line through o at 

right angles to the paper (called the neutral 

(ms), and this must pass through the centre of [o 

gravity of the section. 

102. One has an instinctiye feeling that this 
must be true, but it is difficult to prove it 
without algebra. If p lbs. is the tensile stress 
per square inch at the distance one inch s 
above o (or rather the line through o at right Jt - 
angles to the paper), then at the distance x 
inches above o the tensile stress is p x lbs., ^^^' ^^* 
and at the same distance beneath o there 
is a compressive stress of p x lbs. If each little strip 
of area is multiplied by the pressure upon it per square 
inch, the sum of all the tensile forces ought to be equal to 
the sum of all the compressive forces. Thus, if a square 
inches is a very small area at the distance x inches from o^ 
then the sum of all such terms &a p x a for places above 
ought to be equal to the same sum for places beneath o. 
Hence, as ^ is a constant multiplier, the sum of all such 
terms a.9 x a for places above o ought to be equal to what it 
is for places beneath o. But this is neither more nor less 
than saying that the centre of gravity is neither above nor 
beneath o. In fact, the line through o at right angles 
to the paper, that is, the neutral axis of the 
section, passes through the centre of 
gravity of the section. 

103. Now the force on any little portion of area is 
proportional to its distance above or beneath o, and 
tence the turning moment of this force about o is 
proportional to the square of this distance, but if every 
little a/rea of a section is multiplied by the square of its 
dktcmce from the neutral a>xis and the results added 
together, we get what is called the moment of inertia of 
the section, hence tli^ bending mont^nt at a section is equal 
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to tlie stress at one inch from o mult^ied hy the momei 
o/inerUa of the section, if all distances are in inches. 

The moment of tlie force p x a whicli acta on the area 

flbout the neutral aiia of the eection is p i o x x, ar p x' . 

and the sum of all such terms for the eection is p moltiplie 

by the moment of inertia of the section. Hence, sappot 

■we Imow th» bending moment h at a section, and tt 

moment of inertia i of the section, about the neutral lii 

through its centre of gravity, then u ■;- i is the atre 

^ at one inch from tJie neutral line. If U 

, - : extreme edge of the seotioD is y inches fro 

i "-^ Q '^^ neutral line, then y ; is the greftt« 

i stress there, and muet not exceed the bres] 

si ~ ing strees of the material, i-i- tf has bee 

" cakulated for a great number of Bectiona ■ 
'^~' ^' ' besma, and.it is called the BtreUKtli modnll 

Fig.Bl of the section. The bending momet 

at a section divided by the atrengl 
modulus must not exceed the breaking stress i 
the material. The strength modulus for a rectangoli 
section is |i i^ where i is breadth and li depth of tbesectio 
For a circular section thu strength modulus is '0982 if if 
is its diameter. For a hollow circular section it is -0982 "^ 
if D is outside and d inside diameter. The strength moduli 
is exactly the same for a hollow rectangle 
(Fig. 62) as for the section (Fig. 63), bemg 

i^ , where b and i are the outside and i 

inside breadths, and d d the outside and inside I 

depths, of the rectangles forming the Sf"*' — • 

For a given amount of material w 

beet arrangement for strength in either the ' "" 

I form, or hollo w rectangle, since here the ma- Fig. £3. 

terial ia found where moat required, namely, in ' 

the top and bottom members, thus giving a greater momo) 

of inertia than if collected near the neutral line. 

104. If, then, we would know what 18 the amoni 
of the stress everywhere in a section, it ia necessai 
to find the stress at one inch from o by dividing tl 
bending moment at the section by the moment ■ 
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inerida of the sectioiL Fortunately this moment of 

inerida has been calculated for us in several cases. To 

find it^ if the section is rectanguta/r, multiply one-ttoelfih 

of ihe breadth hy the cube of tlte depth ; if the section 

wcircttfor, multiply thefowrth power of the diameter hy 

O'0491. To take a numerical case, suppose the bending 

moment to be 8,000 pound-inches at the rectangular 

section of a beam whose breadth is 2 inches and depth 

3 inches, the moment of inertia is 2 x 3 x 3 x 3 -r 12, or 

4*5, hence the stress at one inch from the middle of 

the depth would be 8,000 -f 4*6, or 1,778 lbs. per square 

inch; and the stress at the top or bottom surfaces, 

"Which are 1*6 inch from the middle of the section is 

1,778x1-5, or 2,667 lbs. per square inch; in one case 

being a tensile, and in the other a compressive stress. 

Xf the section of the beam is such that the centre of 

gravity and neutral line are nearer the bottom than the 

^p, then at the bottom there never can be as great 

& stress as at the top. Sometimes a material is such 

ttiat it can bear much more compressive than tensile 

stress — cast iron, for instance. In the case of cast iron 

tlie section is made so that the centre of gravity is nearer 

tlie edge which is to be subjected to tension, in order 

that the tensile stress may never be so great as the 

S^eatest compressive stress. (See b, Fig. 69.) 

105. In Fig. 59 the neutral line which passes through 
the middle of every section, being neither extended 
^or compressed, is of the original length of the strip. 
Suppose it to be 1 foot long. When the beam is bent 
^ in the figure, A b becomes longer than this, and a h 
shorter, yet their ends are in the same planes A a and B h. 
Thus the strip may be considered as a bundle of fibres 
tying in arcs of circles which have the same centre and 
subtend the same angle at that centra If we know their 
relative lengths we can tell where the cen^^e of the 
Cttcle is. Now we know the stress per square inch on a 
certain fibre, and we know its original length, hence we 
^^ calculate its present length (see Axt&« 49 and 51\^ 
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and its length is to the length of the neatral fihre i 
its radius is to that of the neutral fibre. In this va 
nee find that the radvus of ike netUral fibre is nwner 
oally eqtuil to the modulus of elasticity of the nuUerii 
multiplied by the moment of inertia of the section, an 
divided by t/ie bending moment at the section, 

- is the stress at one inch from the axis (see Art. 103 

and a fibre all along the rod at one inch from the axis 
extended proportionally to this stress. Its old length w£ 

one foot, therefore its extension of length is - ~ e, 

fraction of a foot (see Art. 49), if e is the modulus < 
elasticity of the material. Every fihre forms the arc of 
circle. Now let r inches be the radius of the circle forme 
by the middle fihre, which is not strainedi then r + Ihc 
is the radius of the fibre we have been consid^riDg, and i 
their ends are in the same radii, we know that th& langtl 
of the fibres are proportional to their radii. The length • 
the unstrained fibre is 1 foot, and that of the extended one 

1 + — feet, hence 

r : r + 1 : : 1 : 1 + - , 

from which we find that r = - , the rule given above. B 

it is sometimes more convenient to put it in the fo: 

M=— , or M = Bi X curvature of the strip, rod, or be^ 

(See Glossary for definition of Curvature.) Now if 
strip in its natural unstrained condition had been curv 
instead of being straight, you would have found in exa^ 
the same way that m = e i x change of curvature* 

M = E I ( ), if r- was the radius of curvature of 

strip at any place when unstrained, and r is its prefi 
radius of curvature. 

Example. — A straight strip of tempered steel, ' 

inch broad, 0*1 inch thick (this represents the depth oJ 

beam), is subjected to a bending moment of 100 poiia 

inches : find its radius of curvature. Answer : i 

moment of inertia of the section is 0*7 x -1 x '1 x •! -f ' 

or '0000583. The modulus of elasticity of steel is, s 

36,000,000, and 36,000,000 x -0000583 - 100 gives 

inches for the radius of curvature of the bent strip. 
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106. Elastic Onrve. — ^If you take a straight uniform 
Binp of steel and subject it to two equal and opposite 





CX) 





i 

? 



DFces in the same straight line, the strip will assume one 
f the forms shown in Fig. 64, which all go under a 
ommon name — ^the elastic cu/rve. Now consider the part 
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p B, Fig. 64 a. Neglecting its own weighty it is act. 
by a force F at b, and at p there must be a force or 1 
to produce balance. There is a force at p tending to 
press the steel, but what is of more importance is th 
that F produces a bending moment at p, and the ai 
of it is the force x the distance P K. Now our si 
ever3rwhere of the same material and section, an 
only thing that can alter is its radius of curv 
This radius of curvature at any place we know 
greater when the bending moment is less, and less 
the bending moment is greater ; in fact, the r a 
of curvature is inversely proporti 
to the bending moment, and this really 
to the fact that the radius of curvature at any plax 
inversely proportional to the distance P K. 



EI 



BI 



r = — , or - — -, if F is the force acting at b, Is 



r-PK 



and F do not alter, and hence r x p k = some c( 
number. 

You can obtain the shapes shown in Fig. 64 u 
ways : first, by taking a straight strip of steel an( 
forming the operation ; secondly, by drawing the ( 
in a series of arcs of circles. Suppose we have calcu 
as in the above example, that the modulus of elas 
of the material multiplied by the moment of iner 
its cross-section is, say, 200, and suppose we knov 
the force acting at b is 10 lbs., then we know thi 

radius of curvature at P is eqii 
200 divided by the bending m< 
at P, which is 10 x p k. In fac 
radius of curvature at p is eq\ 
■ 20 divided by p k. Choose n« 
Fig. 65 the point c as the d 
point in the strip. Suppose c 
be 4 inches, then the radius 
is 5 inches. Take c o = 5 inches, and with o as < 
describe a small arc, c e. Join e o and produ 
Now at E measure e f, and suppose you find 




Fig. 65. 
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inches; divide 20 by 3*4, and we get 5-88 inches, 
and set this new radius off from s to o'. Take o' 
as a new centre, and describe the short arc e o of any 
coiLTenient small length, and in this way proceed until 
the curve is finished. This is not a very accurate 
method of drawing the curve unless the arcs are 
very shorty and small errors are apt to have magnified 
evil effects, but I know of no . better exercise to im- 
press upon you the connection between radius of 
curvature of a strip and the bending moment which 
produces it. You are therefore supposed to have 
a,ctually drawn one such curve at least before pro- 
ceeding with your study of this subject. 

107. Parts of these curves happen to be the shape 
taken by liquids, because of their capillary 
action, between two solid plates. They are 
also the shapes of the arches which are best 
fitted to withstand fluid pressure. Thus, 
^or instance, in Fig. 66 the curved water ^______ 

from M to N is of the shape of the curve £^^^ 
^. 64 e, from m to N, the free water level ti^^iii 
^eing the line A b ; and in Fig. 67 the Yig. 66. 
^ddle line of the joints of the arch m to 
* is the same curve inverted. The water, whose pressure 

^^^^M^=^^i-^^i,^^m±^^^ it resists, has as free 
@fe^:^^^?2r=:^?;^^^i^^^S water level the line ab. 

^^ 108. When a strip 
':E=E^^ of elastic material is 



M N 




p5^ bent, it not only alters 

fim: its shape in the well- 

1^^ known way, but it alters 

f^z^ the form of its cross- 

j,. gy^ section. On the convex 

side of the strip the 
breadth becomes concave, and on the concave side 
of the strip the breadth becomes convex. It is very 
^asy to try this for yourself on a broad strip of steel or a 
^ of india-rubber. These saddle shapes of the surfaces 
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are due to the fact that when each fibre is palled it gets 
thinner as well as longer (see Art 56), and when it is 
pushed it gets broader as well as shorter, and it is msf 
curious that this action should not interfere perceptibly 
with the laws of bending as I have given them to you. 

108a. It may now be interesting to consider the relatiflB 
between bendinig^ and twisting. We have seen (Art 105) 
that a couple, m, applied to produce bending giyes a 

curvature — . Now i, the moment of inertia of a drcnltf 

SI * 

section about a diameter, is *^, hence the curvature Is 

^ -f- ^^. We have also proved (Art. 92) that a coupld, M, 
applied to produce twisting in a cylindric shaft, gives an 
angle of twist ^ 4- '^*. 

Now, if, in the above cases, the bending and twistiag 
couples are equal, we have (see Art '90) — 

Angle of Twist __ _b 1 _^ 1 __ o-l-b _| . b. 

Curvature ■~2h~"2o * 2(o-»-b)"~ a ~" "^ a* 

Experiment shows that for isotropic substances the ratio 

— lies between o and -5-. Hence, ^ is always greater than 

unity. Therefore, twist must always exceed bending when 
the couples producing them are equal. 



CHAPTER XI. 

BEAMS. 

109. To be able to calculate the state of strain of 
a beam it is necessary to know all the forces acting on 
it from the outside ; these are the loads, which 
include the weight of the beam, and the supporting 
forces at its ends. If we know the loads, it is easy to 
calculate the supporting forces when a beam is sup- 
ported at the ends. The load may be concentrated 
at one or more points, or it may be distributed 
uniformly over the whole or part of the beam. 
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It may be a dead load or a live load. A dead load 
18 one which has been applied very gradually, and 
ranains pretty much the same for a long time ; a live 
load is one which has been more or less suddenly applied. 
Given the loads, we are always able to determine the 
supporting forces if there are only two, either by the 
(B^dmary rules of mechanics or by the graphic method 
described in Art. 143. When we know the necessary 
BnpportLQg forces at the ends of a beam, we can take 
care that thei'e are suitable means of support for the 



110. Methods of Supporting Beams. — In practice, 
whenever it is possible, the ends of a beam are not merely 
supported, but they are fixed by being built into brick- 
work or masonry, for it is known that fixing the ends 
strengthens and stiffens a beam very considerably (see 
Art 123). Thus also the cross-beams of a railway bridge 
we well fixed at the ends by means of bolts or rivets. 
Timber structures are always attached as rigidly as 
pofifiihle to their supports, and this is the case with 
*11 structures in which there is no fear of unequal 
expansion by heat. A long iron beam merely rests 
upon masonry or timber supports, without being rigidly 
attached, because the iron expands during the summer 
Mid contracts during the winter, more than the timber 
or masonry, and every facility must be given for re- 
lative motion due to Uiese causes. Thus one end of a 
long iron roof-principal or iron girder generally rests 
upon a carriage or frame supported on rollers. 

HI. The supporting force at the fixed end of a beam 

is often rather indeterminate, but if one end rests upon 

a carriage we may regard the supporting force there as 

being nearly perpendicular to the plate on which the 

rollers rest, and this supposition enables us to find both 

supporting forces (see Art. 148). In what follows my 

attention is mostly devoted to b^ms which are horizontal 

and aro supported by vertical forces at one or both 

ends. 



114 PRACTICAL MSOHAVIGB. [Cbs^Jl 

112. Wlien beams carry loads thej are not usually 
subjected to the same bending moment eveiywhere, and 
the shearing force is also different at different plaoeii 
Take any simple case — for instance, a beam A B, 1^. 6^ 
supported at the ends, and loaded uniformly all along iti 
length. If the total load is 2,000 lbs., then each upwaid 
supporting force at A and B is 1,000 lbs. Now at any poH 
c, the bending moment is 1,000 x c B acting against tbe 
hands of a watch round c, minus the load on the pari 
c B multiplied by half the distance c & Erect a 
perpendicular, c E, and make its length represent, on 
some scale, the bending moment at c. Do the same foi 
a number of points, and by joining the ends of all 
the perpendiculars you will get a curve which showi 

f at a glance the bending momenl 

i everywhera In Table IV. th< 

._ i J- figures M M are diagrams of bend 

A '^ B ing moment which have beei 

^^«' ^ calculated by the graphic methoc 

described in Art 143. When the upper parts of sectioni 
of a beam are in compression, the bending momenl 
is usually measured from A b upwards. When the upp«i 
parts of sections of a beam are in extension, the bendlni 
moment is usually measured from A B downwards. It wonlt 
have been difficult to give the bending moment in ever] 
case to the same scale, as the greatest bending momen 
in case I. of the Table (p. 1 16) is twelve times the greatefi 
bending moment in case VL (p. 118). Hence, if ^ 
regard the scale for case I. as 120 pound-feet per ind 
the scales for the other cases are 60, 30, 15, 15, aB 
10 pound-feet to the inch. 

113. Again, the shearing force at c (Fig. 68) is simpl 
the upward force at b minus the whole load on the part C 
Set off on the perpendicular at o a distance equcJ to tl 
shearing force there ; do the same for other points, ai 
draw a curve showing the shearing force everywhoi 
To know the shearing force at every section of 
beam is very important in railway girders, because t1 
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lattioe-work — that is, the struts and ties which ounnect the 
apper and lower horizontal booms — ^is proportioned to 
resist the shearing f orca It is the same with the thin 
central web of a wroughiriron girder, if the girder is 
formed of plates of iron riveted together. But in small 
beams of cast iron or timber, and even in wrought-iron 
girders that have been rolled in one piece, the web is 
osoally made so thick that it is unnecessary to try if it 
is strong enough to resist the shearing force. 

114. To resist bending moment, only those parts of 
a beam which are far from the neutral line are of 
much importance — hence, in iron beams we have two 
flanges far apart con- a b 

oected by means of the nsass^Bsasa 
^b or by lattice- work. 
Thus, in Fig. 69, a is 
the usual section of a 
wrought-iron beam, and 
B of a cast-iron beam. 
The neutral line o o in 
each case passes through ^^* ' 

the centre of gravity of the section. All parts of 
the section below o o are subjected to tensile stress, 
all above o o are subject-ed to compressive stress. Because 
wrought iron will resist nearly as much_tensile stres^ 
J8 compressive before it breaks, tb ^ ^yrn flfl.T^gftgj2f__i 
are maide equal in area > But inasmuch as cast iron 
will stand about 4^ times as great compressive stress 
•8 tensile, the Hange c c, subjected to tension, 
about 4A^^ times the area of d^ which is the com - 
^ Thus, the total breaking stress on one 

es is equal to the total breaking stress 
on the other. Suppose the area of a flange is 10 square 
inches, and its breaking stress is 50,000 lbs. per square 
inch, then the total breaking stress on tins area is 
10 X 50,000, or 500,000 lbs. If, now, the distance 
between the centres of gravity of the two flanges is two 
bet) we can say that the bending moment which will 



.,.^.LLV...^.C^L^L^.L1 




PIl&CTnOAL MSOSAmOB. 



1 




. 




o 








i 


- 


.- 






, „ 






1 




\ 






f 

■s 




\ 


1 

! 




^ 1 


e 


\ 
i' 

\ 


5 


I 


■3 




\ 

1 




1- 


1 


K 


r - 


i: 


i 


1 

Is 

p 


ii}!,i 

liii!i 


lliifi 

« iJ o 



Cbxg XL] STBBHOTH AND STIKTMESS Of BBAXB. 117 





1 

s 

1 




- 






p 






1 


- 


" 


1 


i 

1 
1 


3^ 


J 
\ 

\ 

i ^ 




i 
E 9 

! 1 

"i 


^ 7 






if 


1 

1', 


\ilih 
! 


i 


i 1 

■3 = 

m 


Grcateat bending mo. 

middle, and ia w 
multiplied by one 
eighth of length oi 


1 



PKUTTICAL MXCHAKICS: 



1 




s 






s 




& 




~ 1 








f 


CM 


" 


01 






J 


I 


I . > 


1 


1 -.1 


1 

f 






/ 






/ 


•s 




/ 




1 


/ 




1 


1 "* 


4 




i ! 


/ 




1 

i 




\ 




I 


\ 




1 






\3 








^ 






\ 






V 
V 




1 


1 ' -' 


i 


k' -I 


1 

L 
If 






i 


III 


lllli^ 


m 




flu 


Iil11 



Gbap.XI.1 8TBENQTH OF BEAMS. 119 

destroy the beam if it acts at this section is 500,000 x 2, 
or 1,000,000 pound-feet. 

115. When much of the material has been left near 
the middle part of the section, as it is in ordinary timber 
beams, it is not so easy to make the calculation, for 
although much of the timber is in a position where 
it is but little capable of resisting bending moment, 
yet it does resist to some extent. Again, in iron 
beams it is usual to shape them everywhere so that 
iihose sections where there is but little bending 
moment to be resisted are made with smaller flanges, 
or else flanges which are nearer together. If we have 
a diagram, such as we see in the various cases of 
Table IV., showing the bending moment at every 
part of the beam, we simply vary the section, so 
that it is just capable of resisting the bending moment 
which acts there. Now, timber beams, as a general rule, 
are everywhere of the same rectangular section. There 
is one place, the place of greatest bending moment, 
where such a beam is likely to break; we therefore 
calculate the size of the section to with- 
stand this greatest bending moment. 

116. Suppose we take a certain beam which has every • 
where the same section, and we load it in various ways. 
Thus, the load may be hung from one end of the beam, 
the other end being rigidly flxed, say by being built into 
ft valL When we say that the end of a beam is fixed, 
We mean that it is rigidly held in position, whereas when 
We say that a beam is supported at its ends, we mean 
that it is merely held up there. In Table IV. six ways 
ftre shown in which the same length of beam is supposed 
to be loaded. The total load is supposed to be the same 
in every case, and the length from a to b is supposed to 
be the sama Then, we see that when the beam is fixed 
stboth ends, and the load spread over it, it is 12 times 
B8 strong as when one end is flxed, and the whole load 
hmig from the other end. This means that if, with the 
Wm fixed at one end, a load of one ton, hung at the other 
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end, is working load, then, when fixed at both ends, a 
the load spread uniformly over it, the same-sized bei 
will carry 12 tons. Hence, if experiments are made 
the strength of the beam when loaded in any of ih 
ways, we know what its strength ought to be wh 
loaded in any of the other ways. Now, a great ma 
experiments have been made upon beams of rectanga 
section, supported at both ends and loaded in the midd 
the third case given in the Table ; and from these exp( 
ments we know how to find the load which such a be 
will carry. Having found this, we know that when loac 
and supported in a different way, the beam will carry m' 
or less according to the numbers in the coliunn heac 
Strength, The rule which has been deduced from exp 
ments on beams whose sections are rectangular is this 

A beam supported and loaded in any^of the wi 
shown in Table IV. will break with a total load which 
found by multiplying together the breadth of the sect 
in inches, the sqva/re of the depth in incJies, the num 
called strength in Table /F., tJ^e number called stren 
in Table VL, and dividing the product by the lengtl 
tlie beam, A B, in feet. 

Example, — ^A beam of English oak, 20 feet Ic 
9 inches broad, 12 inches deep, is Jloced at the ei 
What load placed in the middle will break it 1 This 
case V. of Table IV., and the relative strength is gi 
as 2 in the same Tabla Opposite English oak, in Tj 
VI., we find the number 657 ; and hence, 9 x 12 x 
X 2 X 557 -f 20, or 72,188 Iba, or more than 32 t< 
is the answer. 

117. Suppose the breaking load on a beam of timbc 
found to be 32 tons, you would follow the usual prac 
if you really never placed on it a load of more t 
8 tons. Thus, you divide the breaking load by 4 
get the safe load, or the working load. This numb( 
is called a factor of safety. The usual factors of sai 
employed in structures generally are given in the loll 
ing Table; — 
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TABLE V. 
Factoks of Safstt. 







ADeadLoad, 


HatoziaL 




or one that 

does not 

alter. 


Wrought Iron 




8 


and Steel 


Cast Iron . . 




8 


Timber . . . 




... 


Brickwork . . 




.^ 


Hasomy • . 




20 



A Live Load, or one that altera. 



In Tem- 
porary 
Stractoxea. 



4 
4 



In Per- ! ^^ Struo* 
___^,_<. I tnrea sub- 




10 

10 



118. You must specially remember that it has been 
found by experience that if we have beams of the same 
material of rectangular section loaded in the same way, 
^ strength is doubled if toe double the breadth of the 
^m or halve its length ; hut if toe dorible the depths we 
^ease the st/refngtk fowr times, 

TABLE VI. 
Beams Suppobted at the "Esub and Loaded in the Middle. 



Nature of HateriaL 



Oak 

^Heih Oak 
Aih 

Beech . 
KtchPine 
Hed Pine . 

Larch 

Deal 

Elm. 

Cast Iron 

Wrought Iron 

Hammered Steel 



Strength. 



820 
460 to 600 

557 

675 

518 

544 

450 

370 

284 

600 

337 
2540 
3470 
6400 



Deflection. 



•00018 
•00044 to -00020 

•0003 

•00026 

•00031 

•00036 

•00023 
•0005 to -0002 

•00041 

•00023 

•00061 

•000024 

•000016 

•000013 
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The uombera given in this Table are merely tb< 
average values found by various experimenters. Toi 
may wish, however, to find for yourself whether ik^2 
are correct or not. You are designing a beam of pitcb 
pine, say; then take a rod of pitch-pine, 1 foot long 
1 inch broad, 1 inch deep ; support it at the ends, an^ 
load in the middle till it breaks ; the Table says that tL « 
load will be 544 lbs., but you may find it to be mor^ 
or less than this. Remember also that it i. 
near the middle that jour beam is likely 
to break; this, then, ought to be the soundest anc 
most evenly grained part of the timber if possible, anc 
the specimens which yon try ought to be as nearly u 
possible the same kind of timber. 

119. When a beam is loaded in any way, you kno^ 
how to find the bending moment at any place, and if yo^ 
know tho modulus of elasticity of the material, and th. 
moment of inertia of the section, you can find tli. 
curvature of the beam. You may draw a bent beai>= 
then, in the same way as you drew the springs ^ 
Figs 64, but the beam is so little curved usually that y^ 
will have difficulty in getting compasses long enoug 
In this case it is usual to diminish all the radii in sot^ 
large proportion, remembering that the deflection of jc^ 
beam as you draw it is increased in this proportic:^ 
For a beam fixed at one end and loaded at the other y^ 
would get a curve just like the portion s T in Fig. 64-- 
8 being the fixed end and T the loaded end. 

120. The important thing to know is the deflectid 
of a beam — that is, the greatest yielding of any part qfi* 

It can be proved mathematically, from what has bee 
given in Art. 106, that if d is the deflection of a beam whoa 
cross section is the same everywhere, w the load, l th 
length, I the moment of inertia of the section, and b th 
modulus of elasticity, and if all these are in inches an« 
pounds, or in any other units so long as they are all in th 
same units, then 

WL> for a beam fixed at one end and loaded a 

t ■ I the other. 
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- 8 wxJ> lor a beam £xed at one end, and loaded 
^'^sJTi uniformly. 

^^1 WL» for a beam supported at the ends and 
^16 3 B I loaded in the middle. 

^_ 5 1^ wi^ for a beam supported at the ends and 
^^ 8 16 8b I loaded nnifonnly. 

The third of iheao f ormulaB is the one most needed. It is 
by means of this formula that the modulus of elasticity is 
generally determined. Thus in careful experiments with 
an iron beam, 1 inch broad, 1 inch deep, earned on supports 
24 inches asunder, suppose we find that a load of 2,000 lbs. 
produces a deflection of one-quarter of an inch. Now 

I for the beam is r^ , or fs. The third formula given 

above becomes -26 — ^ 2000x24x21x24 ^^ ^^ ^^^ ^^ 

10 a B X ^ 

find that b is 27,648,000 lbs. per square inch. 

Again, taking the fifth of the cases shown in 
Table IV., I find that 560 lbs. produced a defiection of 
0*22 inch in a b^m of wood 24 inches long, 1} inch 
square. Here i ■= 1-76 x 1-75 x 1'76 x 1*76 -i- 12, or -781, 

and -22 = ^ ^"l^""!^^ , from which we find that b is 

lO 9 B X Vox 

938,666 lbs. per square inch. 

Again, from Table YI. we see that a beam of teak 
12 inches long, 1 inch broad, 1 inch deep, gets a deflection 
of '00018 inch for a load of 1 lb. Here the moment of inertia 

of the cross section is .-^ and -00018 = i \^1^^L^L^. from 

La lO O B X ■^ 

which we find that b for teak is 2,400,000 lbs. per square 
inch. 

121. Take a small beam, a b, Fig. 70, supported at the 
^ds^ and load it in the middla Measure carefully the 
l^cfl'ection or lowering of the middle point. Tins is 
^ed the deflection of such a beam. Now this distance 
^1 usuaUy be small, and so you had better magnify it 
y letting the stting c w pass over the little axle b, which 
arries a long pointer. This pointer will show on the 
>ale P K a ma^iification of the deflection. You will find 
lat the more load you place at c, the greater is the de- 
letion ; and in fact that the deflection is pro^rtional 
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to the load until your loads become great euoogh M^ 
produce permanent set, wlien (Art. 53) the dofiwtion-fii 
iDcrease more rapidly ttian the load. If now you iise ^ 
beam of the same material but of double the breadth., 
then for tiie same load you will got one-half the old 
deUection. Kyou use a beam of double the depth, tk 




for the same load you will get only one-eighth of the old 
deflection. Also, if you double the lengtli of your beam, 
using tbe same load, you will get eiglit times the old 
deflection. A very instructive series of experiment* 
may be made very easily in this subject, and you will 
not thoroughly understand the matter unless you make a 
few such experiments. It is found that a beam of pitch 
pine, 1 foot long, 1 inch broad, and 1 inch deep, sup- 
ported at its two ends and loaded in the middle, is 
l^^ected -00035 inch fay a load pf 1 lb. Thia e^laijM 
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b!la.€ nnmbera given in Table YI. It is found that if the 
Gicune beam is fixed at one end and loaded at the other 
(.fijBt case of Table IV.), the deflection is 16 times as 
gxr^at^ whereas if the beain is fixed at both ends and the 
Locul is spread uniformly (last case of Table IV.), the 
c5L^flection is only *125, or one^ighth as great This 
e3q>lains the '' deflection " column of Table lY. 

122. The rule, then, to find the deflection in inches of 
ij beam loaded in any of the ways shown in Table lY. 
this : — Multiply together the cvbe of Vie length in feety 

^A^ total load in pou/nds, the nwmber called deflection 

WT^ Table IV,y arid the nwmber called deflection in 

ITcbU r/., and divide the prodv>ct hy tJi^ breadth 

o/" the beam in incheSy a/nd hy the cube of the depth in 

indiea. 

Eoxmiple. — ^A beam 20 feet long, 10 inches broad, 15 
ixxches deep, of pitch pine, fixed at one end and having 
spread all over it a total load of 4,000 lbs. — what is its 
deflection 1 Here the number in Table lY. is 6, and in 
Table YL it is -00035; hence we have 20 x 20 x 20 x 4,000 
>< 6 X 00035 divided by 10, and again divided by 15 
"fciines 15 times 15, which gives as answer 1*99 inch, 
The end of the beam would be deflected this distanca 

123. A beam is said to be stifl* if its deflection is 
^^11^^, and we say that the stiffiiess of a beam supported 
*^id loaded in the various ways shown in Table IV. is for 

*to various cases — , -, 1, 1*6, 4, 8. In fact, a beam of 

* certain length carrying a certain load is 128 times 
J^^flfer when it is fixed at the ends and loaded uniformly 
^Qix when it is fixed at one end and loaded at the other 
end. 

It is well to remember that when we 
rouble the breadth of a beam we double 
^^A strength and also its stiffness, but if 
^Q double its depth we get four times 
^he strength and eight times the stiff" 
^^8 8. Beams required to be very stiff ought to be 
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very deep. Care must be ta&en, however, that they 
laterally supported, else they will buckla If you doubX^ 
the length of a beam you get half the strongtib, but yo'*' 
only get one-eighth of the stiffiiess. 

124. What about beams that are not rectangular i^ 
section f Suppose we have a beam of the same section^ 
everywhere, whose strength and stiffness we kno^^y 
and suppose we want to know the strength and stiffae^ 
of another beam which has the same form of section ^ — 
that is, suppose the new section is such that all the old 
lateral dimensions are increased in a certain ratio— tb.6n 
the strength and stiffness increase in this ratio; if oU 
the old vertical dimensions are increased in a certa^ 
ratio, then the strength increases as the square of tlxis 
ratio, and the stiffness increases as the cube of tl3^ 
ratio. The effect of change of length is just the s&u^^ 
as it was with rectangular beams, and we know the effi^^ 
produced by different methods of supporting and loadi:^^ 
the beam from Table lY. 

From Arts. 103 and 112 it is evident that the load wh£^^ 
a beam will carry without breaking is proportional to \^^^\ 
strength modulus of its section divided by the length ^'^ 
the beam. The deflection of the beam is proportioi 
to the load multiplied by the cube of the length, divid 
by the moment of inertia of the cross section. 

125. At the Imperial College of Engineering, 
Japan, we had a testing machine with which I have m 
a great many experiments with my students. It i 
creased the load on a beam at a uniform rate, an< 
registered the load and deflection of the beam at eve: ^ 
instant — that is, it drew a curve, each point of whick^^ 
showed the deflection and the load which produced it-^^ 

Mr. George Cawley, instructor in mechanicEd engineer- 

ing at the college, lithographed a number of these 
taken by himself ; and although the experiments 
made on Japanese wood, so that the actual amount^^ 
of load and deflection are not of general interest^ yet^ 
the shapes of the curves are so interesting as to b» 
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worthy of publication. With only one exception, t^ 
beams were broken and two curves taken for eac 
kind of wood. The mean of these two curves has bee 
given in Fig. 71 — ^that is, a curve lying between ti 
two. The specimens were all free from knots. Th< 
were all 28 inches long and 1| inch square. The distan 
o w represents one ton, and the distaiice o D represents 
deflection of 2 inches, so that the scale of the diagrs 
is knowiL The load was in each case added to at 
uniform rate, beginning with o, and the rate at whi 
it increased was one ton in two minutes, and we see £n 
the figure that practically only in three cases did 1 
breaking of the beam take more than two minut 
The end of each curve shows where the specimen brol 
it is easy to see where the curve ceases to be a strai| 
line — that is, where the law, " Deflection is proportio 
to Load," ceases to be true ; and this point is theref 
the elastic limit. In some cases the load correspond 
to the elastic limit is less than half the breaking lo 
and in some cases greater than this, but usually it may 
seen that it is about one-half. 



CHAPTER XII. 

BENDING AND CRUSHING. 

126, Stress over a Section. — When any portion o 
column or beam or arch on one side of a section, b c 
acted upon by loads and supporting forces, we < 
generally find one force, representing the resultant of 
stresses at the section, which will balance them alL 
instead of a force, we merely get a couple, then 
section is exposed solely to bending moment, and 
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kao'w now liow to find the effect of this. If the force is 
pwallel to the section, then we know that the section 
is either exposed to mere shearing strain or shearing and 
bending, as in a horizontal beam with vertical loads ; but 
^ the force is inclined to the section, there wij.l usually be 
shearing and bending, and besides this a uniform distribu- 
tion of compression or extension all over the section. In 
practice we generally find that com- 
pression and bending alone 
have to be considered. Thus, 
if B c {Fig. 72) is the edge view of the p 
section of an arch ring, and if P F is the o 
resultant force in vnagnitude and direc- 
tion, and if o represents a line through 
the centre of gravity of the section at 
ri^ht angles to the paper ; then p K the resolved part of 
pr panJlel to bo is the shearing force which must 
be resisted by the section. F K x o F is the bending 
moment at the section, causing the parts between 
o and B to be compressed, and the parts between 
o and to be extended. But besides this we must 
suppose the compressing force F K to be distributed 
over the whole section. This will increase the com- 
pression over the part o B, and will diminish the 
tension over the part o 0, '^hich mere bending would 
have produced. 

_^u V 9 ft V 

127. Thus, ia Art. 103 we saw that o b . — ^ — , wliere i 

is the moment of inertia of the section about the axis 
through o, is the compressive stress at b, due to mere bend- 
ing moment, and to this we must now add -— if a is the 

area of the section. Hence, the resistance to crushing of 
the material per square inch must be greater than 



«» K».0» . KV 
0B.-^ + -. 



Of course the tensile stress at o is 
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If the section is of finch a nature that we nervwidi 
any portion of it to resist tensile strefls, this second m» 
sion must be 0, or less than 0. This is usually assumediolM 
the case in stone or brick bridges, and it is easy to du>« 
that if the section is rectang^nJar it leads to the genenl 
condition that o f ought never to be more than one-thiid 
of o B or o ; in fact, that the resultant fiorce p t imuA 
fkll within the middle third of every joint of the iM 
work. If it &dl8 outside the middle third of tiie jointi 
you will have to depend on the resistance of the cement ol 
the joint to tensile stresses, and this is not usually regarded 
as a safe thing to do. 

128. Stmts and Pillars. — I disposed much too easily 
of tho compression of a stmt in Chap. YL At short 
distances from the ends of a bar subjected to pull, the 
tensile stress is pretty uniformly distributed over the 
cross section, and whether the bar is long or short the 
material has nearly as much freedom to get unifoini 
tensile strain in one case as in another. But this is 
different in struts. If a strut is long it breaks ^y 
bending; if it is just so short that we know th^ 
is no bending, the load per square inch that "^^ 
break it may be taken as representing its resistai^^ 
to crushing; but even this is not such a resista:!^^ 
as a cube of the material would offer. K we t^J^® 
a much shorter column, say a thin disc, the way ^ 
which the load is applied may be such as to prevent i>^® 
lateral spreading which always accompanies compressic7^ 
and a much greater load is required to crush tt^^ 
material than might have been expected. If a numb^ 
of specimens of cast iron are taken one-quarter in^?^ 
square, the first being a cube and the last being 1 inC^ 
in length, it will be found that the load which ihey 
will support diminishes gradually from 72 tons pe^ 
square inch to 45 tons. After a certain height 10 
passed the rupture seems to be produced rather hy 
sliding along an oblique section than by mere crushing 
at a cross section. 

129. When a strut or column is of considerable length 
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ly bends before it breaks. Professor Gordon 
a formula based on this assumption which 
ell represents the results of experiments, and 
L it is known not to satisfy the facts of the 
rell when elastic strength has to be considered, 
\ so easy of application, and is, on the whole, so 
that I give it in preference to the more correct 
led on the theory of Euler, which 
found in Professor Unwinds 
ae Design." 

dly the total load divided by the 
cross section is regarded as the 
the material, but by Art. 126 we 
to this must be added the stresses 
I by such bending as the strut 
^. The result is that the stress 
}rut as usually calculated must be 
I by a fraction of itself which 
on the square of the length of 
t divided by the moment of 
)f the cross section regarded as 
1 section of a beam. The practical rule becomes 
or a strut whose ends are hinged, or a colv/mn 
ids are not fixed^ as A, Fig. 73, the breaking 
[)ounds is equal to the breaking stress per square 
m in Table VII. multiplied by the area of cross 
a square inches, and divided by 1 + w b where n 
in Table IX. and B is given in Table VIIL 



A B 

Pig. 78. 



TABLE VII. 



Iron 



Breaking Stress, in pounds 
per square inch. 



80,000 

86,000 

7,200 



182 
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TABLE YUL* 

Value of B for ttruU of the eeetume ehoum in Table IX. ThejM 
column gives the length of the etrut divided hy its leaet latertl 
dimeneion. 



Length ^yided bj 


Bfor 


Bfor 


Bfor Strong 


Lateral Dimension d. 


Cast Iron. 


Wrought Iron. 


I>i7 Timber. 


10 


o-74a 


0132 


1- 


15 


1-68 


0-300 


8-6 


20 


300 


0-532 


6-4 


25 


4-64 


0-832 


10-0 


30 


6-76 


1-200 


14-4 


35 


0-20 


1-632 


19-6 


40 


12-00 


2-132 


25-6 


45 


18-72 


8*332 


40-0 



TABLE IX. 

Values of n for struts and pillars of the following sections :— 



Square of side d^ or rectangle with smallest 
side d 







■T 

1 



Circle, diameter d 



Thin ring, external diameter d . 



Angle iron, smallest side d 



Cruciform, nnallest breadth d . 




\'^ 



0-6 < 



• 1 



g.QO 



%'0O 



* Modified from Professor Fleemiitg Jenkin's article on Bridget 
the ** Enojclopsedia Britanmca.** 
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If we want the breaking load for a strut whose ends 

are not hinged, it is necessary to find in what way it 

tends to bend, and to use the above rule regarding 

tihe stmt as hinged at tioo points of contrary flexure. 

Thus in Fig. 73 the stmt or column b is as strong 

as a stamt hinged or rounded at both ends, whose 

length is only a h. The rule becomes — For a strut fixed 

€U both ends, calculate by the above rule, but take n 

one fourth of what I have given in Table IX. For 

ct strut, one end of which is fixed and the other is 

only hinged, calculate the breaking load as if both 

i'ts ends were hinged, then, calculate as if both its 

onds were fixed, and take the mean value of the two 

«U3swerB. 

130. The Teeth of Wheels.— When toothed wheels 
^xive each other, their teeth tend to break like little beams 
^^ed at one end. It is usual in considering their strength 
^^o regard the pressure between two teeth as acting at 

comer, because this may accidentally occur, and it is 

le most trying condition. There are usuaUy two pairs 

teeth in contact at once, so we consider that only half 

^Ixe total horse-power has ever to be transmitted by one 

l^«^ of teeth. This transmitted horse-power, multiplied 

**y 33,000, divided by the circumferential velocity of the 

^^ieel per minute, is of course the pressure in pounds 

^^lich each tooth has to withstand. Imagine the tooth 

5^^^ tend to break at a section making 45° with the depth, 

J'^fit as we know it would break if the comer were struck 

^^Xiartly with a hammer. This consideration leads to the 

^*^^e, that the pitch is proportional to 

** lie square root of the pressure, 

^ ivided by the greatest safe stress per 

^^uare inch to which the material may 

^ « subjected. 

131. flat Plates. — A plate, round or square, either 
^^€rely supported or firmly fixed all round its edge, 
^^^ carry a total load uniformly spread over it 
^liich is simply proportional to the sc^uaxe oi Iki^ 
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thickness, and is not dependent on the area of th 
plate. Fixing the edges adds a quarter to the strengtL 
132. Similar Structures Similarly Loaded. — If 
girder is loaded mainly by its own weip^ht, then any othe 
girder made to the same drawing but on a different seal 
would be a similar structure similarly loaded ; and this i 
the name given to all structures made from the sam 
drawings but to differeDt scales, if their loads are i 
the same proportions to the weights of the structure 
themselves. It will be found that in all cases the stres 
at similar places is proportional to the size of the strac 
ture — ^that is, the weakness of the structur 
is in direct proportion to its size. 

This is easily seen if we imagine the structure to b 
such a simple one as a rod, A, Fig. 74, carrying a weight; 
ball, w. If there is another such arrangem^l 
of twice the size in every direction, the are: 
of cross section of the rod would be four time 
as great, but the load to be carried woul< 
be eight times as great, and therefore th 
stress per square inch at a section would b 
twice as great — that is, the larger rod and Imu 
would be twice as weak. As the stress woul 
be twice as great and the length of the ro 
twice as great, the extension would be fota 
times as great. The extension of the re 
per foot in length would only be twice ^ 
great. In the same way a beam of cB. 
iron, 1 inch square and 1 foot long, is 1,7^ 
times too light to break with its own weight, wherea3 
beam of cast iron whose length, breadth, and depth ^ 
in the same proportion, if 1,700 feet long and 1,7 
inches square in section, would break with its a'' 
weight. The deflection of similar bea^ 
similarly loaded is proportional to tJ 
square of their dimensions; but tl 
deflection per foot of length is on- 
proportional to their dimensions. 
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CHAPTER XIII. 

GRAPHICAL STATICS. 

133. The basis of all applications of mathematics in 

l^hysicB and Engineering is the fact that any physical 

phenomenon which is directional (such as a force, a 

velocity, an acceleration, a stress, the flow of a fluid, &c.,) 

omy be represented in a most perfect manner by a straight 

line. The general application of the geometry of the 

straight line to all physical calculations is a science 

called Qy>cUemion8y and it certainly is not my object to 

teach you any of the methods employed in this study 

te denote the relations of lines to one another. But 

with a box of drawing instruments and a sheet of paper, 

it is easy, by actually drawing the lines and measuring 

lengths, to solve many problems which would otherwise 

'^uire a considerable knowledge of mathematics. This 

■ort of graphical calculation having proved useful, it has 

attracted the attention of men. who have leisure enough 

te niake an elaborate study of its methods. It has unfor- 

tunately been dignifled with the name of a new science. 

*t has become a complicated weapon with which these men 

c*Ji attack all sorts of problems which are much more 

®^^y solved in other ways ; and the result is that, instead 

^^ our having a few useful pages anywhere devoted to the 

^^ject, we have large treatises, adorned with numerous 

«<^1 engravings, whose complications of lines frighten 

"^^ student. It has been the same with many other 

'^^©fcd processes ; a few persons devote theii^ attention to 

'hetn and find that they are all-powerful, and every 

'^ter on the subject thinks it his duty to show how all 

^^t& of problems are attacked. For instance, how few 

Workmen know how to divide or multiply numbera oi 
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square or extract square roots by means of the si 
How few educated engineers, even, are able to i 
of it ! The owner of the instrument shop in 
is sold is seldom able to explain its use. It i 
that very complicated problems can be wor 
on it, but it is also known that to learn the 
of these would require more time than it is woi 
to devote to them, and, besides, they would b 
forgotten, whereas it is not sufficiently well 
that the really useful processes of the slide : 
be taught to any man in a few minutes. 

134. I shall begin this subject of Graphica 
by giving some definitions, and indicating so 
positions which can be proved by actual dra"' 
shall speak of forces, because you have been ace 
to treat forces in the following way. I shoi 

preferred merely to talk of lines, ai 
' these lines stand for any directional 

property. 

135. Forces Acting at a Poin 

line A B (Fig. 74a) represents a 
direction by its own direction, in 
by its length to any scale we please 
Fig. 74a sense by its arrow-head, which she 
the action of the force is from A t 
would not be correct to call this the 
force B A, because this is opposed to 
the sense of the arrow-head. The 
forces A o, o B, o c, o d (Fig. 75), all 
act upon a small body, o, or their 
lines of action when produced all pass 
through a point, o, in a large rigid 
body. The amount of each force is 
shown by the length of the line, repre- 
senting it to some scale of so many yig 75 
pounds to the inch. Now to add these 
forces together in the most perfect manner — that ii 
a force called their resultant^ which shall be exactly 
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lentm its effects to all the above forces acting together-^ 
' ve draw a polygon (Fig. 75a). Each side of this polygon 
is parallel to and proportional to a force in Fig. 76 ; thus, 
the side A corresponds to the force a o, and the arrow- 
heads agree, and lastly the action indicated k^^ 
by the arrow-heaus is concurrent from a \^>L 
round to D. Fig. 76a is always called The X j> 
Force Polygon. When it is undoaed, as it ^^>^^ ,- 
is in the pi*esent case, we know that the ^^^^^^'y 
forces A o, &c.(Fig. 75), are not in equi- \/ 

libiium. To keep ao, OB, cfec, in equilib- pig. 75A. 
rium a new force, called the equilibrant (see 
Glossary, Art. 2 18), must be introduced corresponding to 
the side e (shown dotted), which will close the polygon, its 
MTow-head being concuiTent with the others. Now if we 
^ant the resultant of A o, o b, o c, o D, it evidently acts 
through o and corresponds to e, Fig. 7 5 A, but with arrow- 
bead reversed. Tlie resultant of a numher of forces is 
^^ual and opposite to their equilibrant. 

Prove now the following propositions by actual 
*fr^wing : — 

1st. The resultant of any number of forces does not 
^©pend on the order in which they are drawn as sides of 
*te polygon. 

2nd. Any lines or forces whatever which form a 
^osed polygon in any given order will form a closed 
polygon if drawn in any other order. 

3rd. In adding forces we may first find the resultant 

o£ Borne of the forces, and then add together this resul- 

^nt and all the rest of the forces. The answer will 

^"^ays be the same, however we may group the forces 

•^fore adding them. 

136. The Link Polygon. — ^We shall now consider 

*orces which do not necessarily act through one point. 

Take, for example, the forces 1, 2, 3, 4 (Fig. 76). Draw 

^e unclosed force polygon T, 2', 3', 4' (Fig. 77) with its 

^des parallel to and proportional to the forces, and the 

*iTow-heads concurrent. Now the dotted line h a, 



188 



PRACTICAL MBGBANIGB. 



[Cluip. X 



with its arrow non-concnrrent with the rest, is parallel 
and proportional to the resultant of all the giren forct 
But this does not tell us where the resultant force 
situated, although it tells us its direction and amount 

From any point, o (Fig. 77), draw a line to the jun 
tion of r and 2' (it is easier to saj draw the line o 1' 2' 




Pig. 78. 




o 2' 3', &c., to all the angles of the force polygon. No 
construct a new unclosed polygon, with its comers o: 
1, 2, 3, 4 (Fig. 76), and its sides paraUel to o 1' 2', o 2' 3 
kc. (Fig. 77), its last side being parallel to oa, and i 
first parallel to o6. We have now found the point, t- 
(Fig. 76), where the first and last sides of the link pel; 
gon meet. The resultant of the forces 1, 2, 3, 4, 
through this point, 5, and corresponds to the closing sid( 
6a, in direction and magnitude. The new polygon 
called THE LINK POLTOON of the forces relative to tl 
poU^ o. The position of A, the point at which we 
to draw the link polygon, may be chosen anjrwhere, 



hencathei*e may be any number we please of link polygon 
for a given position of the pole, o. Again, there ai^ 
number we please of link polygons corresponding to 
other position of o, and we can choose o where we plea^^ 

Suppose we find that when we are given the forces 1, ^^ 
3, 4 (Fig. 78), and we draw the force polygon (Pig. 79), a^^^ 
any link polygon (Fig. 78), that these are both closed, let 
prove that Uie forces are in equilibrium. 

A Bystem of forces acting on a rigid body is not afitect^^ 
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by introdncing any number of forces which separately 
mlaaoe one another. Now let a force represented by the 
length of the line o 1' 2^ act at the point a in the direction 
B A, its sense being shown by the arrow-head near a, and 
let an equal force act at b in the direction a b, its sense 
being opposite to that of the force at A. These two forces 

are in equilibrium with one another, 
[S and they cannot therefore affect the 





Pig. 79. 



mnginBl system of forces in any way* Similarly, the forces 
shown by the arrow-heads in b c, o d, d a are introduced 
every pair balancing one another. 

Now we see that the three forces at the point a are 
in equilibrium with one another, because they are parallel 
to and proportional in amount to the sides of the triangle 
mn (Fig. 79), and corresponding arrow-heads would run 
right round the triangle. Similarly, there is equilibrium at 
every other comer of the link polygon a b o n ; hence all the 
forces are in equilibrium, and hence the forces, 1, 2, 3, 4, 
taken by themselves, must be in equilibrium. 

The theorems which we wish students to prove by 
construction can be proved to be generally true, reasoning 
from the fact that a number of forces acting at a point 
can only have one resultant. 

137. We see, then, that the force polygon alone is 
*^^ficient to find the resultant of any number of forces if 
'•He forces meet at a point, but we need also the link 
E^lygon if the forces do not meet at a point. 

The Unk polygon really shows that the sum of the 
turning moments of the forces 1, 2, 3, 4 (Fig 76) about 
any point is equal to the moment of tiie resultant aoout the 
same point. The force polygon pays no regard to turning 
moments of forces; it merely tells us about the resultant of 



140 PRACTICAL MBCHAKIC8. tGhii9.Xnt 

fhe forces, snpposmg that they all paased through the same 
point. 

138. You ought to tost the truth of the following 
statements by actual drawing : — 

1st. The determination of the resultant of any 
number of forces is independent of the order in which 
we draw them in the force polygon and draw between 
them the sides of the link polygon. 

2nd. In adding forces we may first find the resultant 
of some of the forces, and then add together this resultant 
and all the other forces. The result will always be the 
same, however we may group the forces before adding 
them. 

3rd. Ji the force polygon of a number of forces 
is closed, and if we can draw a closed link polygon, 
then all the link polygons we may draw will also be 
closed. 

4th. If any other pole be taken in Fig. 77, and 
another link polygon be drawn and a new point 5 
(Fig. 76) is found, both of the points so found lie in a 
straight line parallel to 6 a of Fig. 77. 

Tou will also find, and it is easy to prove, that the 
locus of the point in which any two sides of the link 
polygon meet is parallel to the line which closes the 
corresponding portion of the force polygon. Again, if 6 is 
taken as pole instead of o, the last side of the link polygon 
is found to be in the direction of the resultant of the forces 
1, 2, 3, 4 ; and, generally, any side of the link polygon is in 
the direction of the resultant of the coiresponding number 
of the given forces. Thus, if 6 is taken as pole, 4 6 
would become the resultant of the lorces 1, 2, 3, 4, and 
3 4 becomes the resulteuit of the forces 1, 2, 3. It is evident 
from this that the direction of the resultant of any two 
lines or of any number of lines which meet at a point 
passes through their point of intersection. 

A system of forces may not reduce to a resultant force, 
but be equivalent to a couple. When this is the case the 
force polygon is closed, and the first and last sides of any 
link polygon that may be drawn are parallel to one another. 
Tou may also find it worth your while to prove by construc- 
tion this statement ; If two link polygons are drawn for two 
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poflitioiui of the pole O, the correqioiidiiig lidee of the two 

polygong meet in points wiiicli lie in & straight line 
puBlleL to the line joining the im pomtiona of tha 
poleo. 

1S9. If yOQ have bean able to make a few drawinga anch 
ai I have been speaking about, and so take an interoBt in this 
easy and instmctiTe method of working mechanical exer- 
dses, 70a ought to work by meaoH of it a few such 
exercises as the toUowing :— In Fig. 80 a b iepre«enla 1^ 
Uddtr whose 
centre of gia- 




Kg. SO. 



log on the ( 
tmooUx wall 

end B on the smooth floor o b. Find t) 
and the reacUona at a and B. 

The forces acting on the ladder ar 
arrows. Praw t i (Fig. 81) vertically ti 
weight of the ladder. Draw x patallet to 
an^here in this line. Use as polo of the force polygon. 
Join o T. Now the link polygon is m n r h, and drawing 



Fig. BL 

le poll in the string 

1 shown by the 
' :> represent the 
c, and take o 



o -w parallel t 



! find 



I- M, and n z pantllel to b 
that 1 1 2 w is the force polygon. Tha 
lengths of X z, z w, w i represent the 
forces at c, at b, and at a. 

140. Again, the centn of gravity of a 
nmnber of masses or a number of areas 
may be found easily by this method. 
Thus, let there be masses or areas, «ii, titi, 
&c., whose centres are at the points 1, 2, 
ic. (Fig. 82). Draw the parallel forces 
11, 22, Ac, in any direction proportional 
to ffl, ffig, &G., and find the resultant by 
the above method. Suppose m n to be the 
direction of the resaltant. Now repeat the 
process, taking the parallel forces of the same magnitudes as 
tief6re,l>ntinadifierentdirectiDn,andletit v be the direction 
of the remltanb Evidently h, where these lines meet, ia the 




Fig. sa. 



142 



PRACTICAL UECUANIC8. 



rChap.! 



centre of gravity of the masses or areas. This met 
may often prove useful, for areas especially. Thus, 
find the centre of gr&vity of any given area, divide it 
any suitable number of parts, so that the centre of gra 
and area of each part may be found easily. If we di 
the area by parallel lines, these lines may be dr 
equidistant, and the area of each part is approxima 
given by the length of the line which separates it i 
either oi its neighbours. A repetition of the pix 
has been employed to determine the moment of in< 
of the area about any given line. 

Itt. 1 do not advise students to adopt this link pol^ 
method ut finding centres of g^vity or of calcula 

moment of inertia. A prac 
engineer will always apply 
urdinaxy formula to find 
centre of gravity of an f 
Thus, if you want the centi 
gravity of the figure m n 
(Fig. 83), draw two parallel li 
H, K o, touching tiie figure 
two opposite sides. Draw a '. 
K o, at right angles to o h, 
divide it into any number of e( 
parts, each equal to d. Draw 
lines A B, CD, &c., parallel to 
80 that they are ^t the distan 
apart, the distance from a b to oh, or from t z to 
being ^, It is evident that if n z p is a lino pan 
to o H tnrough the centre of gravity, then approximate! 




o xs=^d. 



AB + 3cD 4- Set 4- Ac 

▲ B +CD+ EV-f&O. 



We have thus obtained one line through the centr 
gravity, and in a similar way we may obtain anol 
such line, and their point of intersection is the centr* 
gravity required. 

In the same way we may obtain the moment of inert 
of any area about any line ; or, as is often the case, supi 
we wish to find the moment of inertia of m n o p ab 
N X p, a line which passes through the centre of grav 
Evidently the moment of inertia about o u is approximal 

i = ^(ab + 9oD + 26bf + &c.) + ^X Area. 

Now, it IB well known that the fnoment of inertia 
an area about any line it equal to its moment of inei 
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■ioKt a parmlbl fiM thraugh iii Miilrt af frutUg, togtther 
vitk tfia preAiet of tin ana inta iMt tquan nf lit ditlmut 
httettn tlu (wo limn. HeoM, the monLHut of inertia 

1,-1 -OX'-rfCAB+CD + EF+ftC.). 

It will be foimd in practice th&t Uub easy vaj ol can;- 
ing out mmple ideaa i> better tlun the comiilicated twe of 
the link polygon method for flndiog; momont of inertia. If 
the area maj l)e divided into recUuglea whose lidee are 
Miallel to and petpeodioulai to the axis, we need not anb- 
. ^Tide these rectangles. It j, ^ 

mnit be remembered that the I ~ I 

moment of inertia of a rect- n 1 1 \ 1 

angle abont any axis ia equal g 1 [. 

to the area of the roctangle j 

multiplied by the square of Uie ; 

dialance of ita ocntre of gravity 
from this axil, plna the moment 

et inertia rf ths rectangle o^^— q- 

abont a paialld line through y^g ^ 

iU centre of gravity. Thua, 

UiJe rectangle a bod (Fig. 81) is known to have aboat nmn 

the moment of inertia ~-ia- ' bo that the moment of 

inertia of the rectangle about o' o o' ii 

The Btodeat will find it good exercise to take a. lew lee- 
ttona of angle-iron, T-iron, raila, and other Bpccimena ol 
rolled iron, and find the podtioo of centre of gravity of each 
■ectioD, and the moment of inertia of each area about any 
line through the centre of gravity. The exact fonns onirlit 
to be taken from real apedmene. If the area ia aymmetrii'al, 
one line through the centre of 
gravity con always be found 

143. When the moments of 
inertia of an area abont any 
three axea thruugh a point are 
' known, the moment of 
inertia about any other 

■- '^ ougb the 
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radius of gyration of the area about the axis, the e 
all such measured distances lie in an ellipse. 1 
axes of the area are in the directions of the maj< 
axes of this ellipse. Thus, if for any area, ic n i 
the least moment of inertia is about an axis, 

—^y and if the greatest moment of inertia is aboi 



— I, then A B a' b' being an ellipse whose majc 
axes are a a' and b b', the moment of inertia a1 



m 



DC, is — r. This theorem of Poinsot's is p: 

elementary treatises on dynamics. The studen 
useful to prove it by actually finding the 
inertia of any area about a number of axes. 
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EXAMPLES IN GRAPHICAL STATICS. 

143. Diagrams of Bending Moment. — L( 

86) represent the 
beam which has 1 
cal loads — 1, 2, I 
J the vertical su 
forces at A an 
the unclosed fore 
i K L (Fig. 87)—: 
student arrives a 
of the book he wi 
have drawn other 
gons where all th( 
really in the san 
line — 1, 2, and 
representing in 
and magnitude 
loads of Fig 8( 



Fig. 86. 



0«^<u— -— ■ 



N 



Fig. 87. 



3 

L 



any point, o. Join o K, 1 2, o 2 3, and ( 
dmw the link polygon (Fig. 86), beginnii 
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point, a, in the vertical from A, and ending in the point b. 
Now a 6 is the side wanting in the force polygon. Draw 
ON (Fig. 87) parallel to ab (Fig. 86). Then ln is the 
amount of the supporting force at b, and nk is the 
unoont of the supporting force at A. Also, draw any 
vertical line, s T (Fig. 86). Then tlie length s t, intercepted 
% th sides of the force polygon, represents the bending 
^^jMm&nt of the beaan at any point, P, on some scale which 
it is easy to find. 

To prove this. Draw o h horizontally. The moment at 
any point, p, due to the supporting force, nk at a, is 
N K X A p ; and this is equal to o h x ft, for, by similar 
triangles, 

aT : TF : : OH : nk, 
and therefore 

ap:tf::oh:nk. 

This second proportion gives n k . a p equal to o h . t f. 

In the same way the moment at p, due to the force 1, 
is o H . F 8 ; and hence the true moment at p, being the 
difference of these, is o h . s t. We see, then, that ii , for 
example, the beam is drawn to a scale of 

1 foot, represented by x inches, 

and if the loads are drawn to a scale of 

1 pound, represented by y inches, 

then s T is the bending moment at p, on a scale such that 

1 pound-foot is represented by ~ inches. 

If the load is not concentrated at a njimber of points, it 
is usual to imagine it divided into a number of loads, each 
of which acts at one point. The diagram of bending 
moment is drawn in the way which I have just described, 
and then for the polygon with its straight sides we sub- 
Htitute a curve which touches all the sides of the polygon. 

After you have found a diagram of bending moment, if 
you wish to see the effect of additional loads, draw a 
diagram for these loads as if they acted alone, but take 
care that the horizontal distance, o h, is the same as before. 
Add together the ordinates of your two diagrams to get 
your new diagram of bending moment for all the loads. 

144. SlLai)e of a Loaded Beam. — When we know the 
bending moment at every cross section of a beam, it is easy 
to draw its shape, the vertical dimensions being increa«ied in 
K 
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any scale we please. Divide the bending moment at eyery 
place by the modulus of elasticity and by the moment oi 
inertia of the cross section tiiere, and draw a diagram whl(^ 
shows at every place the value of m ~ b i. Begard this ^ 
a diagram which shows the amount of a new kind ^ 
continuous load per foot in length of tibie beam. Dra^ ^ 
new diagram as the diagram of biding moment was draW^ 
This shows at every place what has "heen. the amount ^} 
vertical yielding of the beam. If the scale of ei *? 
diminished, the scale of the deflection of the beam ^ 
increased in the same proportion. The proof of fjJ^®. 
proposition cannot easily be given without the use | 

mathematical expressions, which I prefer to keep out ^^ 
this book. 

140. Hinged Stractureo. — Before giving you the ea^ 
rules by which we find the forces acting in structures bo: 
up of a number of tie-bars and strute hinged togeth^^^' 
such as roof-principals and iron girders, I think it advisabi^*^ 
to mention a few facts about the geometry of certain fi(^ ^ 

which consist of poiuts joined by straight linea. They 
such that ; — 

First, we are able to resolve them into a number 
closed polygons. Second, each side in a figure is a side 
two polygons, and only two. Third, from each point the 
come at least three straight lines. Fourth, each line pass^^^ 

B 

C 






Fig. 88. E Fig. 8^ 



through at least two points. If a line passes through iihief0^^ 
points or more we must consider its segments as distin(;t^^ 
sides. Thus, o a b c d b f (Fig. 88) is a fig^ure which satisfies^^ 
the conditions ; it consists of seven points, joined by twelve ^^ 
lines, and it contains seven closed polygons or triangles. ^^ 
Also A B D o o' (Fig. 89) is a figure consisting of six points -^ 
joined by twelve lines ; to satiny condition (2) given above^ ^ 



bap. ny.] FIOT7RES FO&MBD OF 8TKAIOHT LINES. 



147 



we must not oonaider a b c d as one of the polygons, we only 
take into account the eight triangles. 

It will be fonnd that in all figures satisfying the above 
conditions the number of closed pol^g^ns plus the number 
of points equals the number ox sides plus two. This is 
proved by taking any suitable figure and adding a 
new side; it is found that the sum of the number of 
closed polygons and the number of points is also increased 
by unity. Tliis is, indeed, the relation between the number of 
faces, summits, and edg^ of a polyhedron, and all the 
figures of whidli we speak may be regarded as projections 
of polyhedra. 

146a. Straight-line figures generally may be divided 
into : — 1. Deformable figures, or those which may alter in 
shape, the lines retaining their original lengths. 2. figures 
perfectly stiff. 3. Figures which would be perfectly 
stiff, even if we removed one or more lines. It may 
be shown that a figure 
belongs to class 1, 2, 
or 3, according as the 
number of its sides is 
less than, equal to, or 
greater than, double 
the number of points 
minus three. It is 
evident that in a 
figure of the third 
cUss the lengths of 
the extra lines may be ^ 
expressed mathemati- 
cally in terms of the 
other sides. Thus, if 
there are a points, b 
sides, and« polygons 
in any figure, we 
generally find that 
Qiere exist * - 2 « + 3 
necessary conditions 
regarding the lengths 
of the sides, and if these conditions are not satisfied the 
figure has no existence. 

If in a given figure b — 2 a + 3 is negative, then 
2 a— 6 — 3 further conditions must be given, to add lines to 
the figure before it can become stiff. 

Thus, Fig. 90 is deformable (class 1) ; Fig. 91 is stiff (class 
2) ; Fig. 92 contains one extra side (class 3) ; Fig. 93 
contains four extra sides (class 3). 




Fig. 92. 



Fig. 93. 
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146. In every problem in Graphical Statioi it will b» 
found that we are concerned with two fig^ures which have a 
certain reciprocal relation to one another. We shall now 
define this relation. 

Two figures are said to be reciprocal to one another 
when to each line in one figure there corresponds one 
parallel line in the other figure, and the lines which meet in 
a point in one figure correspond to the lines forming i 
closed polygon in the other figure. Thus Fig. 76 and 
Fig. 77 are reciprocal, and Fig. 78 and Fig. 79 are reciprocal. 

It may be E^own that unless a figure satisfies the con- 
ditions given in Section 145 it cannot have a reciprocal 
figure, but that all figures which satisfy those conditions do 
aobnit of reciprocal figures. Thus Figs. 88 and 89 admit d 
reciprocal fig^ures. So also that a figure composed of any 
number of closed polygons, a b c d b, a' b' c^ d' b', &c., with 
the same number of sides, a a', b b', &c., being joined, shall 
admit of a reciprocal figure, it is necessary and sufiBdent 
that the points in which all agreeing sides meet, if produced, 
shall lie in a straight line. Thus, the points where ab 
and c D meet, A' b' and d d', a" b" and c" d", etc., all Ue in 
one straight line, and so for the other sides. We observe, 
therefore, that any number of link polygons obtained from 
the same forces may form a figure which adnaits of a 
reciprocal figure. 

Generally, we may say ; — that where any figure com- 
posed of points joined by straight lines shall admit of a 
reciprocal figure, it is necessary and sufficient that it is the 
projection of a polyhedron with plane faces. 

That a given fig^e shall admit of one, and only one, 
reciprocal figure, it is in general necessary and it is 
sufficient that it contains one extra line. If it does not 
contain an extra line, then it is necessary for it to satisfy one 
condition, if it is to have one and only one reciprocal figure. If 
it is deformable, it only admits of a reciprocal figure when 
it satisfies as many conditions plus one as there are new lines 
to be traced to render it stiff. If it contains two or mors 
extra lines, it admits of any number of reciprocal figures. 

In fact, a figure admits in general of none, or of one, or 
of any number of reciprocal figures according as the number 
of its points is greater than, equal to, or less than, the 
number of its closed polygons. 

There are exceptions to these rules, which I shall not 
enter into. 

147. In any structure, such as the principal of a roof 
lUid many girders of bridges, formed of manj dififerent 



(Aip.XIT.] 



FORGES AT A UINGB JOIST. 



149 



Iban, if we assume that each bar is subjected to direct pull 
or direct push — ^that is, if we assume that the forces with 
vliich a bar may act at the two joints at its ends are 
I in the line joining those two joints — ^then it is easy to 
calculate the direct push or pull which each bar has 
to resist when the structure is loaded. This is assuming 
I that the external loads are all applied at the joints of tlie 
structure, and that these joints are really the centres 
of frictionless hinges. 
In actual practice, however, the joints are usually 
I stiff— that is, the bars are really subjected to bending 
and shearing stresses as well as to direct compressive or 
tensile stress. But it is found that the strength of many 
fifcructures, when tested, is approximately the same as 
*f they were hinged structures. 

The conditions which enable us to calculate the stresses 
Ui a hinged structure are : — 

1. All the external forces are in equilibriun witli one 
^CQother. 

2. The pulls and thrusts and loads acting at any one 
joint form a system of forces which are in equilibrium 
"With one another. 

3. A piece connecting two joints pulls or puslies one 
of the joints with the same force with 
^hich it pulls or pushes the other. 

Having determined the amount 
of pull or push in each bar, we can ^' 
&id the most suitable cross section 
tx> give the necessary strength, if we 
fenowthe material, by using the results B' 
of §§ 57 and 128. To illustrate what 
"we mean by a joint, find the stresses 
in the two pieces, o a and o b (Fig. 
94), which have a hinged joint at 
o, when there is a vertical load of ] 
2,000 lbs. at o. The piece o a acts 
upon o with a certain force, and so does o b, 




and 



the three forces balance. Draw a triangle (Fig. 95), 
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with its sides parallel to o c, o b, and o A, in such a way 
that the side c represents on some scale the force of 
2,000 lbs. The direction of o C, being a pull downwards, 
shows the direction in which we must draw the arrows 
concurrent round the triangle cba; then b represents to 
the same scale the force in OB, and the arrow shows 
its action on o ; thus we see o b pushes o, so we call 
OB a strut. We also know that at the other joint of 
o B, say B, the piece o b exerts a pushing force of amount 
b. Similarly, a o is a tie — that is, it exerts a pull upon 
o of the amount a, 

148. Let us now consider the roof-principal shown in 
Fig. 96. Certain loads are given acting at the joints, 




*< r" 



and we know that the structure is supported by two forces 
or reactions at its two ends. Our first step is to find 
these two supporting forces. They must be in equili- 
brium with all the external loads. 

Now, it is well known that we must be given either 
the direction or the amotmt of one of these supporting 
forces, else the problem becomes indeterminate. It is 
usual to be told that one or other supporting force is 
vertical This condition is arrived at in practice by 
having at one end of a structure a little carriage wiili 
wheels resting on a horizontal plate of iron. 

The notation which we use is due to Mr. Bow. It 
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^ materially simplifies the process of calculation. You 
obsenre that every space between two forces in Fig. 96 
18 indicated by a letter. The line which separates the 
sp^ A from the space b is called A b, and corresponds 
^th the line A b in Fig. 97. A point is indicated by 
*^e letters of the spaces which meet at that point. Thus^ 
^GH is the end of the roof-principaL 

Suppose the supporting force at the point F g p is 
^own to be vertical We must firat find the amount of 




^^^ force FG, and the direction and amount of the 
^^rce AG. 

Draw the force polygon, a b c D e p, Fig. 97. We see 
"ttiat to close it we need two lines to join f and a. Now, 
Vine of these, f g, is vertical. Take o as pole. Join o a, 
OB, oc, OD, OE, OF in the usual way. Draw the link 
polygon^ shown dotted in Fig. 96, commencing at a G h. 
Now, o G (Fig. 97) is parallel to the last side of it, and thus 
we find F G and G A, the supporting forces at the end of 
the principal. Having f oirnd the two supporting forces, 
F G and G A, we proceed as follows : — We have the closed 
force polygon, abcdefga. The arrow-heads shown on 
this force polygon are not to be rubbed out during 
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the calculation, and in practice we mark them in in 
All other aiTow-heads which we draw on Fig. 97 mi 
requii'e to be rubbed out, and ought only to be marked 
pencil We must begin our calculation at a joint wh€ 
only two pieces meet, and where one force which at 
there is given. Now at the joint A G H we know the foi 
AG. In Fig. 97 draw a h and g h parallel to the piec 
A H and g H of Fig. 96. Put arrows on the sides of t 
triangle G A H concurrent with the arrow on G A. N< 
we see by the arrows that the piece ah push 
the joint with a force represented to sea 
by the length of the line ah (Fig. 97). \ 
know, then, that A H is a strut, since it pushes, and ' 
know the total pushing force in it. Similarly, h G is 
tie, and the total pulling /orce in it is repi 
rented by the length of the line hg 
Fig. 9 7. 

We now rub out the arrows which we are suppog 
to have drawn in pencil on the lines A H and H G (Fig. 9 
and proceed to the joint a b i H. It must be remembei 
that although the pieces ah and bi are in the sai 
straight line, we regard them as two separate pieces. 

Now we know the force a b, we also know that i 
force with which the piece ah pushes the joint 
represented by the length of the line ah (Fig. 9 
Draw, then, H i and b i (Fig. 97) parallel to the pie< 
HI and bi (Fig. 96). We have thus a polygon, abi 
The force a b (Fig. 97) tells us how to pencil arrow-het 
concurrently round this polygon. When we do this 
find that the piece bi pushes the joint with a fo 
represented by the line b i (Fig. 97), so that b i is a str 
Also IH is a strut, in which the stress is represen 
by the line i h (Fig. 97). We proceed in this way fr 
joint to joint, always taking care to rub out our pencil 
arrow-heads when we proceed from one joint to the ne 
The lengths of the lines in Fig. 97 give the magnitu 
of the forces in the pieces of the structure It is easy 
prove that, if no mistake is made, no discrepancy "9 
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appear when the drawing is being finished — that is, when 
-we are returning to the joint with which we began. 

If in Fig. 97 the points K and i are found to 
coincide, this evidently means that the piece k i is un- 
necessary in the structura K, again, we find that we 
cannot dose one of our little polygons in Fig. 97, we 
ought to proceed to new joints, and, possibly, when we 
again consider the joint with which we had difficulty, we 
shall be able to close its polygon. If we still find 
difficulty, it must be caused by two or more joints, and 
the pieces connecting these are evidently unnecessary to 
the structure. If we find in Fig. 97 two points with the 
same letter, we evidently require to add a new piece 
^ the structure, which will exert a force equal to the 
^^^stance between these two points. 

^o explanation in writing will enable the student 
^ master this beautiful method of determining the 
stresses in stmctares. He must select structuras, apply 

^oacis to the joints, and calculate the various stresses 
^^ liimself. When he has made four such calculations, 
*^® 'Will know nearly all that can be said on the subject. 

149. B00&. — It is not my object here to describe the 
^ixstruction of a roof or a bridge. For such information 
*^^ student must examine real structures for himself ; he 
^^^J5t read Tredgold's treatise on roofs, and examine 
^^iHy good drawings of roofs and bridges. 

Suppose, for instance, that he finds a roof, somewhat 
^^^ his own, to weigh — including possible snow, &c. — 
^ lbs. per square foot of horizontal area covered. 
^y*^ppose his principals are to be placed 8 feet apart, 
^^ span being 50 feet, then each principal has to 
*^Pport about 

8 X 50 X 20, 01 8,000 lbs. 

Now, if Fig. 98 is the shape of his principal, as 
^ ^ BO, CD, and D E are all equal, we may suppose that, 
^Owever the roof covering may be supported by the prin- 
^^pal, the piece of rafter, a b, or any other of the divisions, 
^pports 2,000 lbs. The joint b gets half the load on a b 
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and half the load on b o ; consequently, the load at 
joint B is taken to be 2,000 lbs., and similarly for C an< 
The joints A and e do not need to get loads, because 

have afterwards to calcu 
the total forces at a ai 
by the link-polygon metl 
When the above v< 
cal loads have been gi 
to the joints, we hav< 
consider wind pressure on one side of the roof, 
we suppose, as wo reasonably may, that 40 lbs. 
square foot is the greatest pressure of wind < 
likely to occur on a surface at right angles to 
direction of the wind, then the normal pressure 
square foot on roofs of the following inclinations ma; 
tciken from the following table, which is obtained f 
Hutton's experiments. 



TABLE X. 
Hbrmal Pressure of Wind against Boofs. 

Angle of Boot 

60« 
60<> 
70*» 
80« 
90<» 



Angle of Boof . 


Normal 




Pressnra 


6« . . . 


. . 60 


10«> . . , 


. . 97 


20« . . , 


. . 18-1 


30'» . . , 


, . 26-4 


40« . . . 

rra • i* < 1 


. . 33-3 

1 • i» 



Nonr 
PressT 
. 38- 
. 40- 
. 40- 
. 40- 
. 40- 



Thus, if the portion of one slant side of the 
between two principals has an area of 240 square 
and if the inclination of the roof is 30", ? 
say, then 240 x 26*4, or 6,336 lbs., has to be 
supported by each bay. Transferring this 
to the joints, we see that at b (Fig. 99) we 
have the vertical load x b, or 2,000 lbs., 
due to weight of roof, snow, &c., and also 
Y B, or one half of 6,336 lbs., normal to the 
roof, and due to wind. Complete the parallelogram, 
evidently z b is the load at the joint b which we must 
in our (»Iculation& 




Fig. 99 



Cba^ xnr.3 examples of stbess diagrams. 
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The student will find that if a roof-principal can only 
be supported by a vertical force at a certain end, the 
stresses in the structure are greatest when the other side 
of the roof is acted on by the wind. 

I would advise every student to design at least one 




Fig. 100. 



timber and one iron roof, making detail drawings of all 
the joints, etc., referring much to books and drawings, 
and writing out complete specifications. The following 
examples of stress diagrams (Figs. 100, 101, 102) may 
be useful for reference. 
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150. Every joint in a real stnicture is 
stiff joint ; so tliat every piece may really be 

to bending, as well as 
compressive and tensile 
A general method of ta 
ness of joints into a( 
quite unknown ; but as 
discussed bending we s 
clearly what is the effeci 
joint, and in some cas( 
able to make calculatioi 
subject It may gen* 
assumed that the stren 
structure is greater if i 
are stiff than if they a: 
hinges. This is not al 
case, and, from the 
minateness of the pr 
finding the stresses in a structure whose joints 
many large bridge trusses are at present a 




Fig. 101. 




Fig. 102. 

nearly all their joints hinged. In roof-prin< 
joints are made stiff, rather for the purpose of 
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the whole structare — ih&t is, increasing its resistance to 
change of shape — ^than for the sake of strengtL In 
a roof all joints of struts are usually made stiff. What 
we shall now saj is of more importance in bridges than 
in roofs. 

If two or more pieces of a structure are in a straight 
line with one ano&er at joints where they meet, it is 
usual for strength to make the joints between them 
quite rigid. Thus the pieces A h and b i of Fig. 96, or 
A B and B c of Fig. 98, ought to foim one bar. But this is 
oiJy useful when the pieces in question are struts, and our 
reason for the continuity of the pieces is that a strut is 
stronger when its ends are fixed than -when its ends are 
^ot fixed. Thus the piece b i (Fig. 96), will resist a 
greater thrust if it is continuous with a h and c K 
^an if it were hinged with these pieces. (See Art 
^^9.) It is not good in all cases to fix the end of 
* strut by rivets, &c., instead of a hinge ; because the 
'^Uefit due to fixing an end may be more than counter- 
balanced by the evil efiects of bending introduced to the 
strut through the joints by a tendency to change the 
^^^^le which the strut makes with the piece to which it is 
^^ed. The common sense of the engineer will always 
^*Uible him to decide as to the judiciousness of fixing the 
^^d of a strut 

151. Sections of Structures. — It is often of consider- 
^Me importance to 
^nd immediately the I 

stresses in pieces of a , _ai^ ^i -^^ 7 

structure which are not " c.x^^^l ^^^^>k 

near the ends. If we e- --^--hi ^-^^""^^ \^ 

can draw any surface c'/'' * ^"''"^^^ u 

which will cut through '' 

the pieces in question, 

we can calculate the Pig. los. 

stresses in these pieces 

directly, supposing the pieces are only three in number. 

Thus, the section a e (Fig. 103) cuts the pieces b a, b c, 
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and D B. Now not only the whole structure, but eve 
of it is kept in equilibrium. What forces keep tl 
A H E in equilibrium ? They are the known forces 
and H, together with three unknown forces whos< 
tions are baa', b c g', and D E e'. Given the direct 
three forces which equilibrate a number of known 
we know that they may be determined in magnit 
the link-polygon method. Sometimes the link-j 
method is more troublesome than the following : — ' 
the push or pull in D e e'. We know (Art 23) t 
moment of the force in E e' about the point B is e 
the sum of the moments about b of all the externa 
(for the forces in the directions A a' and cc' have no i 
about B, since they pass through it). Let the al 
sum of tJie moments of the external forces be actus 
culated, multiplying numerically each force by i 
pendicular distance from B. This sum, divided 
perpendicular distance from B to E e', will give tl 
in E e'. If the algebraic sum gives a moment i 
to turn the structure about b against the directioi 
hands of a watch, the force in e e' is a pulling force 
from e towards e', and therefore the piece D E is a 
It will be observed that if we wish to knt 
stress at any -section of any loaded structure, W' 
consider that the parts of the structure on aj 
side of this section are in equilibrium. Thus, if 
B are the two parts of the structure, consid< 
equilibrium, say, of B. Now, b is kept in equilibr 
the external forces or loads which act on : 
by the forces which act on b at the sectio 
course it is a which causes these forces to act 
through the section ; but in calculations concemin 
we do not need to consider A or the loads on A. 
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OH AFTER XV. 

SUSPENSION BRIDGES, ARCHES, AND BnTTRESSE& 

158. Loaded Links. — ^Let a c, od, d e, and e b be four 
bub hinged together at o, d, and e, and supported some- 
how bj hinges at A and b, and, neglecting the weights 
of the links themselves, let x, y, and z be forces acting 
at the three joints, so as 
to make the links take 
the positions shown in 
% 104. Take any 
point, (Fig. 105), and 
draw lines om, on, op, 
vid oq parallel to the 
^inks, and from any 
point, m, in 911, draw 
^ n parallel to the force 
^9 n p parallel to the 
^eroe y, and p q parallel 
^ the force x; then it 
^ easy to prove that 

*to lengths of the lines *\ 

^ n, n p, and p q are proportional to the forces 
^ y, and as, and tiie tensile forces in the linkj are pro- 
portional to the lengths of the lines o m, o n, op^ and 
^ ?. For it is evident that the three forces at e, keeping 
^Q joint in equilibrium as they do, must be proportional 
Jo the sides of the triangle omn. If you put arrow- 
^eads on om and on concurrent with the one already 
^^ 7n n, you will see that the bars b e and d e do not pu^ 
^Uq joint E, they pull it and are tie-bars. Thus, then, 
^be lengths of the lines in Fig. 105 repre- 
^Qnt to some scale all the forces acting 
^^ the joints o, d, and e. 




Fig. 101 



Pigr. 105. 
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153. Loaded Chain. — If, now, we want to fi 

pull in every part of one chain of a suspension 
and to draw the shape of the chain, it is first ne 
to know the weight of the bridge at every 
This weight is probably supported by two clui 
as we have only one chain to deal with, we or 
l)alf the weight of the bridge. We will suppo 
there is no long girder or other support for the 
but the chain. It is usual to suspend the sup 
beams of the roadway from the chain by vertic 
rods, placed at equal horizontal distances frc 
another. "We may imagine the roadway to 
heavy at one place as another, so that the pul 
the rods will be the same. Suppose there i 
rods, and in each a pull of 20 tons. Dn 
equidistant vertical lines (Fig. 106) to represc 
rods. We must get another condition before 
draw the chain. Let it be this, that the cl 

the middle ^^ 
is horizontt 
be capable < 
standing a 
200 tons. N( 
o H hori 
(Fig. 106a 
make its lei 
any scale n 
200 tons. M 
and H B on tl 
scale repres( 
100 tons ( 
chain is 
svmmetrical 

divide them up so that each portion represents 20 
that is, the vertical load communicated to th- 
by each tie-rod. Now join o with each point of • 
in ab. Suppose now that p (Fig. 106) is one p 
support of the chain, draw pa (Fig. 106) paralleJ 




Fig 103. 




H 



R 



D 



Fig. 106a. 
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Tig. 106a), a e parallel to oo, cc^ parallel to OD, and so 
m till yoa reach the point q, which I suppose to be on 
iie same level as p. Of coarse, the points of support, 

* and Q, may be anywhere on the lines a p and m q. It is 
[oite evident from what yoa have already learnt that the 
>tLll in any part of the chain is represented by the 
ength of the line from o, which is parallel to it in Fig. 
06a, and it is also evident that the chain will take thL 
hape without any tendency to alter. 

164. We began by assuming a pull of 200 tons in the 
•art y/t, whei'e the chain is horizontaL We might have 
ssumed a pull of 300 tons in /h ; this would have caused 
he chain to hang in a flatter curve. Assuming a pull of 
00 tons in /h, we should have obtained a greater 
ifference of level between p and h. 

It will be found that in the present case, where the 
xui is supposed to be uniformly distributed 
long the horizontal, the links would just 
ircumscribe the curve called a parabola, 
^ith any other distribution of load they will fit some 
bher curve than a parabola, but in any case you know 
ow how to draw the shape of such a chain, and to 
stermine the pull in any part of it 

155. Arched Bib. — If instead of a hanging chain you 
anted to use a thin arched rib to support your roadway, 
len if you have numerous vertical rods by which to hang 
our load to the rib, and if the distribution of the load is 
aown, you can draw the curve of the rib in exactly 
le same way, but it will now be convex upwards of 
vsuae. With uniform horizontal distribution of your 
»d you will get a parabolic rib. The difference between 
iie two cases is this : a slight inequality in your loads 
r a temporary alteration will only cause the chain 
3 take a slightly different position for the time, and 

* will get back to its old i^ape when the old loading 
3 returned to ; whereas the arch is in a state of unstable 
quilibrium, and as it is very thin, so that it cannot 
^fost any bending, a slight change of loading will very 

L 
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materially alter its shape and it will get destxoyel 
Such a rib or series of struts is either stayed wift 
numerous diagonal pieces or else it is made yerymBadn, 
so that should the line like P A Q (inverted), which ■ 
supposed to pass eyer3rwhere along its axis, deviate t 
little from this position, the rib may resist alterir 
tion of shape by refusing to bend. 

156. The load carried by an arch may either ba 

hung from it by medns of tie-rods, or else it may mfc 

on the top of the arch, the weight being carried {ron 

«, *& J^ /r «, *^® different parts 1^ 

M t t t t ( f 



H '.wU-l ri - 



f 




means of struts or piDais 
of iron, stone, or bridk, 
or the arch may be 
levelled up to the lotir 
way by means of a soU 
^>... mass of masonry, of 
^ merely by one or two 
pillars of masonry and a 
filling-in of earth. It » 
rather difficult in a stone 
or brick bridge to B^ 
exactly what is the low 
on every portion of the 
arch, but it is guessed 
at, and a curve or lisl^ 
polygon, such as P A Qi 
Fig. 106 (inverted^ 
drawn. It is shown in 
Art. 127 that in a stone 
or brick arch it is dangerous to have the arch so thin 
that the line p A Q (inverted) passes anywhere oo*" 
side the middle third of the arch ring. Thus, in 
Fig. 107, we have a section of a stone arch, the 
various stones or voussoirs, as they are called, beifl^ 
separated by joints of mortar or cement. Now divide 
each joint into three equal parts and draw two polygon^, 
m m m and n n n^ marking out the middle thud ok 
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e?eiy joint. Let us suppose we know the weiji^ht which 
eadi voQssoir supports, including its own weight (it is 
waal to consider the arch as one foot deep at right 
•ngles to the paper), and let these weights be the 
weights Wif w^ <kc., shown in Fig. 107. Now draw the 
force polygon, Fig. 107a; it happens to be all in one 
vertical line, the forces being iJl vertical And now 
we come to the drawing of our link polygon, but we 
tte stopped at the outset by not knowing what is 
the thrust at the crown of the arch. 
The pull at the middle of our suspension bridge chain 
was quite definite, but the thrust at the crown of the 
uch may be what we please, and the arch will remain 
■table if the link polygon which we draw never passes 
OQtside the middle third of any of the joints.''^ Suppose 
we draw any symmetrical link polygon to begin with, 
hj bisecting a A; in h (Fig. 107a), draw H o horizonttil, 
ind take o anywhere we please. Now o h will be the 
thmst in the crown of our arch, if this link polygon is 
the correct one. Join oa, o 1 2, o 2 3, &c. Now start from 
•ny convenient point in lOg, Fig. 107, say e, within the 
^)ace which contains the middle thirds of all the joints. 
Draw B D, Fig. 107, parallel to o 4 5, Fig. 107a ; draw d c, 
B^ B A, A p, in succession parallel to the corresponding 
lines in Fig. 107a, and so also for e f, <&c., to k q. If any 
of the lines so drawn passes outside the space m m, n n, 
you must choose some other point e to begin at, and 
if you find that no choice of e will allow the link polygon 
to He altogether within the space mm, nn, then you 
iQnst choose another pole, o, in Fig. 107a, until at length 
you find, as in the figure, a link polygon, p e Q, which 
cuts within the middle third of every joint. The lengths 
of the lines in Fig. 107a tell us the forces acting at the 
jomts of Fig. 107. Thus oa. Fig. 107a, is the force p a, 
^. 107, the resistance of the abutment of the bridga 

* It U obvious also that the link polygon wherever it crosses a joint 
Qnist make an angle so near a right angle with the joint that there 
•aa be no dipping or rapture by shearing there. 
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Again, the length of o4 5 is the force acting 
direction E d between the stones e and D. 

157. Professor Fuller has made the work of < 
such a link j)olygon very easy. It can be showi 
a number of link polygons are drawn in Fig. 
different lengths, OH, Fig. 107a, then the verti 
tances between the points A, B, c, D, &c., are 
same proportion in all the link polygons.* Be 
with the first load w^, draw (Fig. 108) A 1' 2' 3' 
the half of any link polygon corresponding to. p i 
in Fig. 107. Divide A 8 into any num 




Fig. loa 

equal parts ; I choose six. Erect perpendicn 
1, 2, 3, 4, 5, s. Di-aw horizontal lines fron 
3', &c. ; draw any inclined straight line of cor 
length, E t; draw vertical lines firom 1", 2", 
From the points where the verticals 11', 2 2', 
m m and n n, draw horizontals to cut the corres 
verticals from P, 2", 3", &c. Join the points s< 
by the curves m m" and n n", then, just as the strai 
E T represents a link polygon, m rri'n n" represe 
area bounding the middle third of all the joii 
any link polygon will be represent 
the right hand side by a straight 

* See Art. 143. Each link x)olygon is really a diagram oi 
moment sunixwing the loads were acting on a horizont 
and the scale of each diagram is proportional to the scale 
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Now draw a straight line lying altogether within the 
space m m" n" w. If you can draw several, then draw 
thai one which is steepest^ in this ease c T. Project this 
over to the left hand side, and you will find that you 
have the link polygon, which supposes the least thrust at 
<Ae keystone. The correspouding force polygon has its o h 
less than the oh of A e in the proportion s c to s e. 
The proof of this is ea£fy. When the arch is one of 
wrought or cast iron, we have to find in just the same 
way the link polygon which fells nearest the axis of the 
rib everywhere. But we are not now bound to the 
middle third of the section, because the iron will witli- 
stand tension as well as compression. Art. 127 indicates 
how, when you have found die link polygon which passes 
most nearly through the middle of the iron rib every- 
where, you can calculate the strength at every section. 

158. In any arch which abuts against its sup(x>rts at a 

plane surface, as a masonry arch does, the supporting 

lorces and the link polygon are really indeterminate, 

although masonry arches in their settlement genei-ally allow 

ys to assume that the rule given in Art. 157 is true. In 

iron arches it is very important to have more definite in- 

fcmation, and this is afforded by hinging the ends of 

the arch to the abutment. At a frictionless hinge the 

supporting force must pass through the centre of the 

liinge, and in such a case, if we assume that there is 

absolutely no yielding in the abutments, the bending in 

the arch everywhere will be such that the horizontal 

motions everywhere get equalised. This gives a simple 

rule to find the correct link polygon or line of resistance 

for an iron arch, for which the reader niust be referred 

to Professor Fuller's paper on the " Curve of Equilibrium 

for a Rigid Arch under Vertical Forces."* 

159. Buttresses. — ^To find the force which acts from 
one stone to another in a buttress, it is necessary to 
know the force acting on every stone from 



• i< 



Flroceedingi of the Ingtitution of Civil Engineers,*' Tol. 40. 
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the outside, and also the weight of the 
stone. Find the resultant of these two forces for each 
stone, and draw the link polygon whose first side is the 
force on the top stona In Fig. 109 fabrpIs the link 
[K>l7gon so drawn. Each side of it shows the resultant of 
the forces acting at every joint, and the length of the 
corresponding Ime in Fig. 110 shows its amount Thos, 
the resultant of the forces acting at the joint s t is 
shown by the direction of the line B k, and its amount is 
shown by the length of the line o^ in Fig. 110. 

If we see that any of the sides of the link polype 




Fig. 109. 



Fig, iia 



1 



passes outside the middle third of the corresponding joii^ 
iKitween two stones, we know that part of that joint wi^ 
be subjected to tension, a condition to which we suppos'^ 
that a common masonry joint ought not to be subjected*^ 

• In many cases it will be found well to magnify all the horizontal 
components of all the forces, magnifying the horizontal dimensions o^ 
all the stones in the same proportion. In this way the points u0 
which each side of the link polygon cuts each joint may be found moi^ 
accurately. 
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CHAPTER XVI. 

. 8PIBAL SPRINGS. 

160. As an example of the bending of a strip ol 
material, which might have been considered after Art. 106, 
let us ti^e the case of a flat spiral spring, such as the main 
or balance spring in watches. Let n p m (Fig. Ill) be such 
a spring, fastened to a case at n, and to an arbor or axle at 
M. When no forces are acting on the spring it has a spiral 
shape. Suppose that in this case, at a point f, the radius of 
curvature is r^, and that when the spring is partly wound 

up there is at p a radius of curvature r, then . * - is the 

change of curvature at p, and we know that the bending 
moment which produced this change of curvature is 

equal to b i ^~ — - V where s is the modulus of elasticity of the 

material and i is the moment of inertia of the cross section. 
(Thus, taking e at 36,000,000, if the br eadth of the spring is 
0*2 inch, and its thickness ^^ ' ^n^ /f 

0-03, then b i is 16-2.) Now y^ 7C 

suppose the arbor to have /^ v'' ^ 

turned through the angle • >^**'""\' A'' 

X o o (which I shall caU aJ, /^ A Vp 

from the unstrained condi- / #^ J 1 

tion. What are the forces I ^^^ / ^ 

acting on p M and the arbor P V \ J 

Whatever these forces may \» \y 

be, they must be in equi- ^^*-^— -»^\ 

Ubrium. If these forces \q 

were changed there would Fig. ill. 

be an alteration in the 

shape, but so long as these forces do not change, the shape 
ana position of things do not alter. This is why we can 
apply to the spring, p m, and the arbor the laws of forces 
acting on xigid bodies. So long as p m o does not alter 
in shape, it ^>eys the laws of rigid bodies. 

161. Now, the forces acting on the arbor may be very 
numerous — pressure of the pivots, pull of the fussiee chain, 
or preflsure of teeth of wheels — ^but whatever they may 
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be, we know that they can be represented by one force 
acting at o, the centre, together witb * 
couple, c. it the spring is not in contact with the 
top or bottom of its case, and if the coils are not is 
contact with one another, no other forces act on the Bpring 
M p, except at p. The x>uti(^es of steel on one side of thi 
section at p are acting on the particles on the other nde 
but whateyer the forces at each of the particles may he, w< 
know that the total effect at p is the same as that of oa 
force and one couple. We cannot easily say what the fore 
is, but if r is the radius of curvature at p, and if r^ was tb 
radius of curvature at p when the spring was unstraisot 
then the couple at p is what we have already called ^ 
bending moment; — 

Ef)t» /I _ l\ 

12 Vr to) 

Let us suppose, for simplicity, that the spring is evex 
where of the same breadth and thickness, and let 
use the letter e instead of 

Ebf 
12 

which is now, of course, the same everywhore. 1 
couple at F is then 

The only forces acting on p m o are — 

A force at o, of amount/, in the direction o f, say. 

A couple at o whose moment is— c. 

A force at p. 

A couple at f whose moment is given above, and 
positive. 

Now, we know that the sum of the moments of all t 
forces about any point must be nothing. Take all t 
moments about the point p. The force at f has then 
moment, and is to be neglected, and we have 



In fact, 






Let p Q be a short distance measured from p along t 
spring. Multiply every term of the above equation by p 
and we find 

tf(^ — ~^)=c.PQ4 /'.PH.ra- 
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Now, when p q is very small it maybe regarded as the arc 

of a circle whose radios is r ; conseqaentiy ^ simply means 

the angle between the radius, or normal at p, and the 
normal at q ; in fact, it means the small angle which the 
tangent at p makes with the tangent at q. 
Thus 

r To 

simply means the change which has occurred in the angle, 
between the direction of the spring at p and the direction 
ato. If now ineitead of considering what occurs at the 
point p, we take the point q, we shall get iust a similar 
equation for another httle length of the spring. Suppose 
we do this for eyery short length of the spring, and 
add up our results ; we shall find that the sum of all terms 
such as 

PQ PQ 

means the change which has been produced in the angle, 
between the tangents to the spring, at its two ends 
Thus, suppose the arbor has turned through the angls 
A, and suppose that, whether or not the poiut of fastening 
at N has been moved, the direction of the spring at 
N has on the whole changed through an angle b; then 
we find that the sum of all the above-mentioned terms 
amounts to a— b. (a may be called the amount of wind- 
ing up of the spring; b may be called the amount of 
yielding in the fastening to the case.) Hence the sum of 
all the left-hand sides of all such equations as the above 
is« (a—b). 

Now let us consider the right-hand sides of the equa- 
tions. Evidently the sum of all such terms as cxfq 
will be c X length of spring ; say c /. The sum of all such 
terms as /x p h x p q is, as you will find in any elementary 
book on mechanics, equal to / multiplied by the length 
of the .spring multiplied by the perpendicular distance of 
the centre of gravity of the spring fiom the line o f. This 
is, of course, the length of the spring multiplied by 
the moment of the force / about the centre of gravity of 
the spring. Summing up our results, we find that if the 
force on the arbor through the pivots, &c., has a moment 
about the centre of gravity of the spring of the amount o, 
if the length of the spring is /, if the angle turned through 
by the arbor from the unstrained position is a, and if b is 
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the angnlar yielding at n, and c is the oonpile wifii uluch 
the arbor tends to unwind itself, then 

# (a— b) — cl—Ql; 

or 

0= I (a-b) + o. 

The term o depends on the position of tHe centre ot 
gravity of the spring. 

162. If the coils are numerous, each wiU be neaxly 
circular, and the centre of gravity of the spring will nearly 
be at o, and g becomes insignificant, so ^lat the equation 
becomes 

Os |(A~B). 

If the spring is so rigidly fastened at its ends that there ii 
no change of direction relatively to the barrel 

0=1 A, 

and the couple exerted by the spring, in trying to unwind 
itself, is simply proportional to the amount of turning of 
the arbor, or the amount of winding up. If, then, the 
centre of gravity of the spring always remained in the 
centre of the arbor, and if the spring were rigidly fastened 
at N and m, we should have the couple exerted simply 
proportional to the angle of windiog; and this is the 
condition for perfect isochronism in the balance spring. 
I need hardly say that this condition can never be per- 
fectly satisfied. If we use a fuzee, the main spring 
may be fastened as we please ; but suppose we want the 
couple exerted by the spring to bo nearly constant, for 
various amounts of «vinding up, it is evident that the angle 
B ought to increase as fast as a ; that is, there ought to be 
a very considerable amount of yielding in the fastening of 
the spring to itb case. The same eSect will be producea by 
exerting considerable pressure on the arbor at its pivots, or 
in some way causing the arbor and its case to be not quite 
concentric with one another. 

The watchmaker^s usual plan to get moderately good 
isochronism is to make one of the above errors tend to 
correct another ; that is, by allowing a greater yielding or 
greater stiftness of the outer attachment counteract the 
results due to centre of gravity of the spring not remaining 
exactly in the axis of the balance. 



<^)^.XVL] BZPEBIHEKTS ON MAINSPRINGS. 



171 



163. Thus we see that by applying the law given in 
Alt 161 to the case'of a flat spiral spring fastened to a case 
^t its outer end, N, and to an arbor or axle at its inner end, 
M, we find that if the spring is riveted firmly both at n 
and M, and if it is so long and its coils so nearly circular 
that its centre of gravity is always nearly in the centre 
of the axle, then, when partly wound up, the spring tends 
to unwind itself with a turning moment which is pro- 
portional to the amount of winding up. This is the case 
in the balance spring, and it is this condition that gives 
to the balance its character of taking almost exactly the 
same time to make a small swing as to make a great one. 
(See Art. 180.) When the end N is not riveted, but merely 
hinged or fastened in any way that will allow it to turn 
about N, the unwinding tendency is not proportional 
to the amount of winding up; it is proportional to 
the difference between the angle of winding and this 
angular yielding at N. If the strip is everywhere of the 
same breadth and thickness, the unwinding tendency 
is proportional to the moment of inertia of its own 
section — ^that is, to its breadth and to the cube of its 
thickness; it is also proportional to the modulus of 
elasticity of the material used, and is inversely propor- 
tional to the total length of the strip. Suppose you wind 
a cord round the barrel 
or case containing a 
mainspring of a watch 
whose arbor is fixed 
firmly, and, using a 
scale-pan with weights, 
you find the turning °' 
moment of the spring 
for various amounts of winding up. If you plot your 
results on squared paper, you will find that the points 
lie in a curve like ao, bo, oo, or do of Fig. 112, 
whereas for a balance spring we should get nearly a 
straight line through o. 

In Fig. 113 is represented an instrument which I have 




Fig. 112. 
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been in the habit of using in my laboratory, to show «"'■ 
coimeotion between the turning moment and the aEjt>*^ 
winding in a flat spiral spring. Different weights iiS^ 
at the end of the string givn diUbri-iit readings at *^^^ 




pointer. By means of sucli an appiratus, we ai'e enablet 
to verify the laws deactibed iibove. When we havi 
performeil one siet of experiments with a Hpring, anothei 
set may be made on the same epring with its lengtl 
diminished or increased by means of the nrrangemer: 
for clamping, shown in Fig. 130. In this way we cai 
experiment with springs of different lireadtha and thick 
iiesses, OB well as of different materials. 




anxKUfac spisai. i 



entire 1< n^. I will now lake 
in which there is no beading. Fig. Ill 
showa u oyliBdrio ipinU Eprmg* whoae 
coils ure vtTf flat, Beodea its own 
weight, it iaacted upon ty two eqiial and 
oppoute forces in the direction o{ it» axis, 
the supportiQg force at N and a weight at 
H. Now let OB coosideT tho equilibrium of 
Uie portion of the qiring from any point 
r to St. Supiioee tho wire cut at p 
by a plane passiiig through the a»ifi^ 



this I 



wiU ] 



nearly a ctobs scctioo normal to the uiis 
of the virf, as the Bpinda are more and 
more nearly horizontal. I^et us regard 
it u a nunnal croaa section of the wire. 
Now, whiilcvcr may Ik- the streBwe at 
tbiti cross aectioa, they niuat balance all 
the other forues acting on p H^munely. 
the force t at m, which ia ax'vxl, and 
the weight of p u, which ia very nearly 
BxiaL If wB neglect the weight of 
P H, we have only to balancs the force 
f acting nt u. To do *o we evidently 
need a sheaiing force, c, at p. diBtcibutcil 
over the eeetion, and a twisting torque 
which is equal to f . p h. It is easy to 
ahow that the Bhoor ia of much Ic-as im- 
portance than the toniion. Again, sine; 
p H IB the same for every purt of the 
spring, every section of the wire ia acted 
on by the same twisting couple, juat 
as the shaft ot Fig. 46, or the wire of 
Fig. 43, and its strength Is calculated 
in the same way. Now, what is the 
amount of motion at u in consequence 
of this twist ? As the wire ia everywhere 
twisted, jnst as if it were a straight wire 
fastened at one end whilst at the other 
end there were a force, t, acting at the 

' Our authority on this subject is a paper 
by ProfcBsor James TJiomHin m the Oam- 
bridge and Dublin Mathotstktical Journal, 
Nov., 1848. 
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end of an arm whose length is equal to f u the lad 
coils of the spring, the amount of the motion of 
the same as the motion of the end of snch an arm 
to the straight wire. 

166. We have, then, the following pretty illn 
(Fig. 1 15), which serves to keep the rule for spira 
in our memory. Let two pieces of the same wii 
same length be taken ; one of them kept straig 



3ck 



Fig. 115. 



firmly at A, and fastened at b to the axis 
of a pulley which can move in bearings. A 
cord, c, fastened to the rim of this pulley, 
canies the upper end of a spiral spring, d e, 
formed of the other piece of wire, the dia- 
meter of its coils being equal to the diameter 
of the pulley. Evidently, if a weight, w, is 
placed in the scale-pan, a point e gets just 
double the motion of a point c, for e gets c's 
motion as well as the lengthening of the 
spring. The scales f and g and the little 
pointers are for the purpose of making exact « 
measurements. It is interesting to note 
how accurately the law is fulfilled, even in a 
constructed piece of apparatus such as any one m 
put up for himself. 

166. Exercise. — A spiral spring of charcoal ire 
wire, 0*1 inch diameter, 21*6 inches long, its coil 
a radius of 1*3 inch, is extended by a weight o: 
Supposing that a piece of wire of the same 
1 inch long and 0*05 inch diameter, gets a twist 



po; 
ta] 
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prees with a cwisting moment of 2 inch-pounds, what 
Jie extension of the spring 1 We see that if the trial 
•e were of twice the diameter the twist would be 
2 -£. 16, or 1 '51 degree, and with a twisting moment of 
inch-pounds, which is 6*5 times as great, the angle 
uld be 9*82 degrees, and on a wire 21*6 times as long 
uld be 212* degrees, or 3*7 radians, and the arc of a 
3le whose radius is 1*3 inch, subtending this angle 
3*7x1*3 or 4*8' inches, the answer. 

167. In deeigning a cylindric spiral spring it is very im- 
rtant to know the greatest elongation it will bear without 
king a permanent set. If the material has internal strains 
given to it during its manufacture — and this it is very diffi- 
cult to prevent in steel springs, unless great care is taken in 
tempering, and it is almost impossible to prevent in brass 
springs, because the elasticity added in manufacture is often 
regarded as a necessary quality which ought not to be 
destroyed by any annealing process — in this case the 
reader must keep in mind the considerations of Art. 96. 
Otherwise, let s be the greatest shearing stress per square 
inch which the material can resist without getting a per- 
manent set. Let m be the greatest twisting moment which a 
round wire of radius r can bear without getting a permanent 
set, we see from Art. 93 that 

m = ^wsr^ (1) 

Now 8 will be approximately known from Table HI, or m 
may be found by experiment for a given wire by any 
person who 'wishes to make a spring ; and whether m or « is 
used in a formula, you now know how to calculate one when 
given the other and the size of the wire. If, then, we 
have a spring made of wire whose radius is r, and if the 
radius of the coils as measured to the centre of the wire 
from the axis of the spring is a, we see that when w is the 
greatest weight with which the spring may be elongated 
without producing a permanent se^ 

w-I-=E <2) 

being independent of the length of wire employed. 

From Art. 92 we see that if n is the modulus of rigidity 
of the material, A the greatest angular twist in radians 
which we can give to a wire of radius r inches and length 
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ono inch, and m the twisting moment which produces tV» 
twist, then 

A = ^: (3) 



irMr*» 

m being what we have previously measured or calcolated. 
N is approximately known for a material from Table lll-t ^ 
A may be found by experiment for a given wire; aJJ* 
whether a or n is used in a formula, yen now know how w> 
calculate one when given the other. 

Putting the result of our reasoning in Art. 164 into ^ 
algebraic form, we see that a load, w, wiU elongate tb^ 
spring by the amount 

2wjo» 

irHr*» 

and hence the greatest elongation which can be given to ^ 
spring without its getting a permanent set is 

,. Ham las (J^^ 

*Aa, or — ^ZZi O' "ZZ ..-'^ 

Combining (2) and (4), we see that when a ^^^^^J^ 
stretched to its elastic limit, the mechanical euergy Bto^^^ 
up in it, which is called its ** resilience,** being half 't'^* 
product of w into the elongation, is 

ml A, or -^— , or ^^ C« 



168. Many interesting methods may be taken to expi 
in words the meanings of these results. Thus, the seco^ 
expression in (5) shows that the work which we can 
up in a spiral spring is simply proportional to the wei^-'^ 
or quantity of mulerial in it. It would be easy to sh^^^ 
that we can store more energy in a spring foruied of wir& 
circular section than in one of equal weight of the s 




the coils, be fixed, the elpngation produced by any weigl:^' 
w, will be proportional to /, the length coiled up to form t^^ 
spring. 2nd. li a wire of a certain length and radius be giv^^ 
to form a spring, the elongation produced by a certa^^ 
weight, w, will bo proportional to the square of the radii^ 
which we may adopt for the coil. 3rd. If the radius of tl^^ 
wire be fixed, and the leng^ of the spring when dosed, 
that the coils may touch one another, or, what is the 
the number of coils be also fixed, I must be pro[K>rtioni 
to 0, and therefore the elongation due to a weight, w, y 
be proportional to the third power of the radius whidi 
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may adopt for the coil. 4th. If the length of the wire 
and the radius of the coil be fixed, the elongation due to 
a weight, w, will be inversely proportional to the fourth 
power of the radius of the wire which we may adopt. 
6th. With a given weight of metal and a given radius of 
the coil, the elongation due to a weight, w, will be propor- 
tional to />, or inversely to r', since I must be proportional 

We see that the ultimate elongation is — 1st, proportional 
to the length of the wire, if the radius of the wire and 
that of the coil be fixed. 2nd, proportional to the radius 
of the coil, if the length and the radius of the wire be fixed. 
3rd, Inversely propoi-tional to the radius of the wire, if the 
length of the wire and the radius of the coil be fixed. 

It will be found that a weight hung at m (Fig. 114) will 
tend to turn as the spring lengthens, unless the coils of the 
spring are very flat. TMs is due to the fact that the cross 
sections of the wire are really subjected to bending as well 
as torsion. 

170. We can cause the strain in such a spring to consist 
altogether of bending, if, without exerting any axial force 
such as I have shown in Fig. 114, we exert a couple about 
the axis such as we exerted on the wire in Fig. 43. The 
wire in Fig. 43 would be twisted, but the wire in Fig. 114 
is subjected everywhere to bending without any twisting or 
with only a very little twisting, due to the tact that the 
coils are not perfectly fiat. 

If ao is the radius of the coils to the centre line of the 
wire when unstrained, and the length of the coiled wire 
is I, then the number of coils multiplied by the circumference 
of each is the total length, so that the number of coils is 
l-7-2irao. If now the moment of inertia of the cross 
section of the wire about the axis through its centre about 
which it bends is i, and if m is the moment which acts 
at the unfixed end of the spring to twist it, then the new 
radius, a, of every coil is obtained from our knowledge of 
the fact given in Art. 160. 

■ 

M = E I X change of curvature, 

or M = E I ^ ), 

B being the modulus of elasticity of the material.* 

^ I is hcP + 12 for a wire of rectangular section, d being the 
ension in inches of the section, measured radially out from the 
of such a spring ; I is «- (;(4 -r 64 f or a wire of circular sectiop 
iameter d, 

M 
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From this we have 

EI — 5 " i^» ^ ■ I 5 " 5^' *^' BI * ~ "• 

where n^ was the original number of windings, and n is t^* 
new number of windings. But one additional wind-io^ 
means that the xmfixed part of the spring has moved throug'^ 
360 degrees, or 2 ir radians ; and hence if a is the angui^^ 
motion of the unfixed end of the spring in radians, 

. 2irMl 

£l ■"■• — " ■ " ~« 
BI 

We see that it does not depend on the radius of tbe 
coils. For a spring of round wire of diameter d, the angul^ 
motion due to a turning moment, m, is 

A= 128 ul-T-Bd\ 

171. From these considerations it is evident tliat 
a spiral spring like Fig. 115 when it lengthens 
under the action of a weight, has all its wdre 
subjected to torsion. The spring itself is extended, l>^t 
the wire of the spring is twisted. Again, if we subj^c^ 
the spring to torsion as a whole, the strain really going 
on in the wire is a bending strain. Usually, a spiral 
spring, as its coils are not perfectly flat, has its wir® 
subjected to torsion principally, and a little bending ^ 
well, when the spring is extended; and when the spring ^ 
twisted as a whole its wire is mainly subjected to bendi.:»^» 
but there is also a little twist in it. The extensi^^^ 
of a spiral spring is proportional to the pulli^ 
force, and also to the length of the wire and to -4>he 
diameter of the coils ; it is inversely proportional to -fcl® 
fourth power of the diameter of the wire if the wir^ ^ 
round. The twist given to a spiral spri::^^j& 
is proportional to the moment of the twisting forces, ^* 
does not depend on the size of the coils; it is jr- 
portional to the length of wire, and inversely proportion 
to the fourth power of the diameter of the wire if 
wire is round. 
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CHAPTER XVII. 

PERIODIC MOTION. 

172. When, after a certain interval of time, a body is 
Ound to have returned to an old position, and to be there 
li-oving in exactly the same way as it did before, the 
emotion is said to be periodic, and the interval of time 
hat has elapsed is said to be the periodic time of the 
^lotion. Thus, if a body moves imiformly round in a 
Ircle, the time which it takes to make one complete 
evolution is called its periodic time. 

173. When a body moves uniformly in a circle, as, for 
istance, the bob of a conical pendulum (see Glossary, 
LTt. 236), if we look at it from a point in the plane of its 
[role, it seems merely to swing backwards and forwards in 
straight line. Thus, it is known that Jupiter's satellites 
3 round the planet in paths which are nearly circular, 
at a person on our earth sees them move backwards 
ad forwards almost in straight lines. Now if we were 
very great distance away from the bob of a conical 
sndulum in the plane of its motion, we would imagine 
to b moving in a straight line, and the motion which 
i^ould appear to have — slow at the ends of its path, 
iiick in the middle — ^would be a pure harmonic motion. 
o get an exact idea of the nature of this motion — in 
U5t, to define what I mean by pure harmonic motion — 
ra'W a circle ao'lo" (Fig. 116), and divide its circum- 
jrence into any great number of equal parts. Draw the 
erpendiculars b'b, c'c, (fee, to any diameter. Now, if 
re suppose a body to go backwards and forwards along 
. O iiy and if it takes just the same time to go from a 
o B as from b to C^ or from any point to thQ ndxt^ th<^n. 
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its motion is said to be a pure harmonio motion. Tm> 
sort of motion is nearly what we observe in Jnpiter'i 
satellites ; it is almost exactly the motion of the bob > 
any long pendulom or the cross head of a eteam-eng^i 
it is the motion of a point in a toning-fork, or a streb^c^ 
fiddle-string when it is plucked a^de and set free; '^ 
the weight hung from a spring balance when it ■ 
vibrating ; of ' 
cork floating o" 
the waves ^ 
water; and of *^ 
free eijd of a t<» 
of metal wb<f 
the other end ,' 
fixed in a W*? 
and the rod 
Tl set in Tibrati<:»^; 
it tells us in ^ 
)se oases ■•slw 
nature of the c^^"^ 
tion, when st^r* 
motion is of ^ 

simplest kiE=^''- 
Thus, for exw^^ 
pie, a cork fii^'**^ 
ing on water n^^*^ 
really have a very complicated motion, but if the »ii«^*V 
in Uie water is of its simplest kind, the cork gc^^^-^*'\j 
up and down with a pure harmonic motion. If y '^^'In 
study the figure which you have drawn, and th- '^■11 
watch the vibration of a very long pendulum, you wr ""^\ 
learn about this kind of motion what cannot be lear:^ 
by reading. ^„, 

174. Now let me suppose that the body takes oc^^= 
■eoond to go from a to b, or from b to C, or from an^^^ 
point to the next in Fig. 116. Then the length 0/ a ^^a 
m inches represents the average velocity between th- ^^ ^ 
points A and B, and in the same way we get the averay^-^^ 
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■elocity Bnywb 
he woodcut is 


ere else. Thus 
drawn I find 


in the figure from which 


*Jocit7t™m 
) in inchee > 
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I'OO 


1>69 


2-07 


2-*l 


2-59 2'69 


2'412'07 


I-S9 


1 
1-00 





176. You will observe that the velocity in< 
le body approaches the middle of the path, and 
iminishes again aa it goes away from the middle; Now 
le increase in the velocity of a body every second is called 
B acceleration, and I want you to observe what 18 the 
seeleration at every place. You see that the velocity 
langes from '34 t« 100 near b in one second— that 
, the acceleration near b is -66 inch per second per 
Yioiii. Similarly subtracting 1 -00 from 1 -59 we find the 
3celeration at o to be 0-59, and so on, Kow make a table 
E these values, and place opiwaite them the distances of 
he points b, c, &c., from the centre. In this way I 
nd from my figure the following Table of Values ; — 











AoMletitlon Bt 


dilided b7 


J 


la 9-66 


„ 


LB o-se 


14-6 




a 8-66 




la 0-69 






B 7-07 




a 0-48 


U-7 




19 600 




s 0-34 


14-4 


s 


18 2-69 






l*-4 


o 










a 


a 2-69 




la 0-18 


Hi 


I 


IS 6'(N> 

B 7-07 
B S-66 


" 


a 0-34 
IS 0-48 
IB 0-S9 


14 4 

14-7 
H-7 


E ia 9-66 


a ia 0-66 


H-6 



From this it is evident that when the distance of a 
X>int from the centre is divided by the acceleration 
Lt the point, you get about 14'G in every case — 
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list is, the aoi 
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B.1 to 



Ble: 
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rhia curioQB property is characteristic of the kind of 
notion wliieh I am deserihing. If, again, you draw i 
mmber of figures, such as Fig. 116, and divide the 
lirclea into very different numbers of equal parts, jou 
■fill fimi that in every case the following law is true:— 



-that 



of 
the t- 



pu 



■2832 multiplied by the 
■ of displac 



aqii 








n in the third column of the ahove Table. Tliua, ^ 
Table we find the mean value of the ratio (adding 
ill the quotients and dividing by their number we g^' 
UM) to he, let us say, 14'6. Now the square i^ 
jf U-6 is 3-82, and this multipUed by 6■2^32 is _ 
leconds, which we see by inspection ia tlie periodic ti* 
nFig. lie. 

The Hceelcration is always fowarda tha middle poit^^^ \t 
Umt is, whilst a bddy is learing the middle, ila vulocil^-^ W 
beiiig iBBsened, whim it is apjiroBching llie middle ^, -^'IW 
valocity ia heing imireased. '^^^'ii ^ 
velocity at the middle ia equal _ 

the unitorm velocity in the di*^-^-^l^ 
from which we imagrinethehajmoii^- "^ 
motion to be derived— that is, ^"^^ f--^t^ 
Telocity in the middle is ennnl ^-^^ 
3-Ui6 timea the diatance a l divide '^ ^^ 
hy the periodic time. a-*"^^^ a 

Suppose the body to be at o, Fi^*^*3'?^ 
,, ,,_ 117, moving with a pure harmon^Jj^-r*^^ 

■'*■ '■ motion in the path A o L. Deacrib*^«*>^ 

the rircle, draw of perpcndicula-^^^^^*"'! 
l« A L, Ihon t ia the ponition of a body whici baa cor--^ "' 

reeponding unitorm circular motion. ITie scceleratioii at- 
Q ie equal to the rdaolved part along o L ot the centripetal 
■ccelorution nt r in the direction po, whii'h ia knotrn ' 
bo »'-t- P B'lieie v ia the unifoim velocity of 
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The resolyed part of this in the direction q o Is evidently 
obtained by multiplying by ao and dividing by p o, and we 
get for the acceleration of q, v' x qo ^ p o^, so we see that 
the acceleration of q is proportional to q o. The accelera- 
tion at L or A, the ends of the path, is of course greater 
than anywhere else, being v* -r- p o. 

K at any place, q, we divide the displacement by 

the acceleration, we get a o -r- ^-^, or p o* -5- v', and as v 

is the circumference of the circle 2ir« po, divided by 
the periodic time t, we have 



Feriodic time of a pure\ ^ g.j^^g W 
harmonxc motton j Y 



Disi>louiem9nt 
Acceleration 



We see then that if the force acting on a body and 

sing it to move is always proportional to the distance 

lie body from a certain point, and acts 

ards that point, the body gets a pure 

monic motion, and we have a rule for 

ling the periodic time. 

176. Example. — In Fig. 1 18, A is a ball 

ead weighing 20 lbs. carried by means 

i spiral spring whose own weight may 

neglected, let us suppose. Find by 

eriment how much the spring lengthens 

3n we add 1 lb. to the weight of A 01 

rtens when we subtract 1 lb. from the 

ght of A. Let it lengthen or shoi-ten 

1 foot. Evidently, if ever a is 0*01 foot 

7ards or downwards from its position of 

i, it is being acted upon by a force of 

>. tending to bring it to its position of 

i;. We know also (see Art. 171) that if 

I 0*02 foot or 0'03 foot above or below 

place of rest, there is a force of 2 or 

3S. trying to bring it back. We see 

n that the up and down motion of Fig. lis. 

nust be pure harmonic. When the 

placement is, say 0*02 foot, the force acting on A is 

3S., and the acceleration of A is force 2 -r mass of a, 
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and as the mass of A is 20 -f 32-2, or 0'621, the acceleration 
of A is 3*22 feet per second per second when it is displaced 
0*02 foot from its middle position. Now employing the 
rule given above, divide 0*02 by 3*22 and exbract tho 
square root, then multiply by 6*2832, and we get 0*495 
second, or about half a second as the periodic time ot 
the swinging ball If you make experiments you wiD 
find that, unless the coils of the spring are very flat 
indeed, and the rigid support of A exactly in the axis, 
the ball has a tendency to turn and to vibrate laterally, 
which will somewhat disturb your observations if you are 
making careful measurements of the length of swing. 

177. Example. — The Simple Pendiduin. — ^A simple 
pendulum consists in an exceedingly small but heavy body 

suspended by means of a long 
thread whose weight may be 
neglected, capable of swinging 
backwards and forwards in short 
arcs. Thus, in Eig. 119, 8 is the 
point of suspension, s P a silk 
thread, p a small ball of lead. P 
will move backward and forward 
along the path a o L with a motion 
which is pure harmonic, provided 
the thread is so long and A L so 
short that A L may be regarded as 
nearly straight, because the force 
acting on the ball at any time in 



/ 
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\J^ t]ie direction of its motion is pro- 
'^ portional to the distance of the 



ball from o. To show that this 
Pig. 119. is so, resolve the vertically acting 

weight of the ball in the direc- 
tion of its motion along A o. You find that it is 
not quite proportional to A o unless A o is very nearly 
straight, but if this slight discrepancy is neglected the 
force urging the ball towards o is the weight of the ball 
multiplied by o A and divided by s A, the distance from 
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the point of support to the centre of gravity of the 
balL As a matter of fact, the nature of 
the vibration does not depend on the mass 
of the ball ; but, to fix our ideas, let us suppose that 
the weight is 2 lbs., then the mass of the ball is 2 -f 32-2, 
and acceleration along a o is the force ~ mass, or 

•-^j- the force -5- ^^ the mass, so that the acceleration 

18 32*2 X A O -i- S A. 

Now our rule is to divide A o by the acceleration at 
A, and this gives qo^ ; extract the square root, and 

multiply by 6*2832 for the periodic time of oscillation of 
the pendulum. The general rule for a simple pendu- 
lum swinging in short arcs is then : 

Timeo/a complete 08ciUati(m=e'2S32AJ ^'"^^ '^T^^'"''^ 

The time of one awing is half this. The number 32*2 
expresses the effect of the force of gravity at London. At 
any other place on the earth's surface it would be different 
— ^that is, at different places on the earth a 
given pendulum has different times of 
oscillation. For instance, a pendulum taking 2 
seconds for a complete oscillation at Paris, that is, taking 
1 second for one swing, called a seconds pendulum, if 
swung at Spitzbergen would gain 94 seconds per day, 
and if swung in New York would lose 30 seconds per 
day, provided the pendulum did not alter in length in 
being taken from one place to the other. Evidently 
when a pendulum gets longer it oscillates 
more slowly; hence in summer, when the pendulum 
of a common house-clock expands with heat, it goes more 
slowly, and in winter it goes more quickly, unless the 
position of the bob is adjusted. A pendulum which is 
self-adjusting — that is, which is so constructed that it 
remains of the same length whatever be the temperature — 
is called a compensation pendulum, 

178. Example, — In Fig. 120, b represents a strip of 
steel fixed firmly in a vice at c, with a heavy ball a 
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fastened at its free extremity. Find the force in pou] 
which will increase the deflection of A by 0*01 foot; 
that it is 1 lb. We know that a force of 2 or 3 lbs. ^ 




JL 



f 



Fig. 120. 



cause an increased deflection of twice or three times 
amount, and as the force acting on the ball in any posi 
is proportional to its distance from its position of rest, 
ball will swing with a pure hai'mouic motion. If 
can neglect the weight of the strip of steel, and if the 
is small in comparison with the length 6f the strip, 
time of vibration may be calculated in exactly the s 
way as that of the ball in Fig. 119. 

179. Example, — Suppose that B c (Fig. 121) 

bent glass tube of uniform section containing a Ii< 

which can move without friction in the tube. If 
liquid be disturbed so that the level is higher in B 1 
in c, it will continue to swing about its position of eq 

brium, that is, the position in which 
liquid is at the same level in both li 
- of the tube. Thus, if c is -01 foot b< 
the proper level, and b is '01 foot al 
this level, the force which tends to c 
the liquid to return to its proper lev< 
twice the weight of the liquid o B. \ 
pose the weight of the liquid is 10 
per foot in length of the tube, then 
force acting on the liquid is 02 x IC 
•2 lb. If the whole length of tube £ 
with liquid is 6 feet, then the weight of liquid w 
has to be set in motion is 60 lbs., and its mas 
60 -!- 32*2, or 1*863 ; hence the acceleration is -2 -j- 1* 
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Fig. 121. 
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or 0*107 foot per second per second. Tlie displacement 
is -Ol, and, working by our old rule, displacement divided 
by acceleration is -0935. The square root of this is 
•3058, and multiplying by 6-2832 we get 1-92 second as 
the periodic time of the oscillation. 

You will find it easy to prove that the liquid 
swings in the same time as a simple pen- 
dulum whose length is half the total 
length of the liquid in the tube, and that 
it is the same whatever be the density of 
the liquid — ^that is, whether it is mercury or water. 

If tr lbs. is the weight of liqnid per foot in length of the 
tnbe, ii dia the displacement o b or o c, the force causing 
motion ib 2 dto. If a is the total lengi h of liquid in the 
tube, the weight of liquid moved is a tr, and its mass 
is a tr-r ^) if y is 32*2, which represents the effect of gra\'ity. 

Hence the acceleration is 2 dw-^--^, or — ^, and the 

g a ' 

displacement divided by acceleration ia d-z ^, or ^ 

80 that the periodic time is 2 ir a/ y • -^• 

180. It will be observed that in all these cases of 
vibration of bodies there is a continual conversion going 
on of one kind of energy into another. At each end of 

a swing the body has no motion ; all the energy is there- 
fore potential, whether it is the potential energy of a lifted 
weight or the potential enerjsy of strained material. In 
the middle of the swing the body is going at its greatest 
speed, and its energy is kinetic. At any intermediate 
place the energy is partly potential and paitly kinetic, 
but the sum of the two remains always the same, 
excepting in so far as friction is wasting the total store. 
Now in time-keepers the office of the mainspring is 
to give just such supplies of energy to the balance as are 
necessary to replace the loss by friction ; and we have to 
ask the question — At what part of the swing 
of a pendulum or balance can we give to 
it an impulse which shall increase its 
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store of energy without disturbing its 
time of oscillation? The answer is this. Kablov 
is given to the bob of a pendulum when it is just at its 
lowest point, energy is giyen to the pendulum ; we giye 
it power to make a greater swing, but the time which il 
will take to make this greater swing is just the same ai 
the time it would have taken for a smaller swing. Thii 
middle point is the only point at which we can give an 
impulse to the bob without altering the time of iti 
swing. In the lever escapement, and in other detached 
escapements of watches, the impulse is always given just 
at the middle of che swing. 



CHAPTER XYIIL ! 

OTHER EXAMPLES OF PERIODIC MOTION. 

181. When the periodic motion of a body is not pufB 
harmonic, we find that by imagining the body to hav© 
two or more kinds of pure harmonic motion at the sam^ 
time we can get the same result. Thus, it is known that 
a float, employed to measure the rise and fall of the tid0 
by marking on a moving sheet of paper with a pencil, haS 
a motion which is periodic and not pure harmonic. Thus, 
if horizontal distances represent the motion of the 
paper (unwound from a barrel by means of clockwork), 
and therefore represent time, and if vertical distances 

mean the rise or fall of 
water-level in feet, we 
get such a curve as is 
Pig. 122. shown in Fig. -122. 

Now this is not a pure 
harmonic motion, for if you plot on squared paper the 
distances oa, ob, oc, o d, oe, of, &c. (Fig. 116), for 
equal intervals of time, you will get a curve like Fig. 123, 
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Thomson's tidb pbbdiotbs. 
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I ia easily recognised, and is called a eurea ofaines. 
t has been found that if you take certain curves of 
whose periodic times are — 1, ihe semi-lunar day ; 
le semi-solar day, 
some others, and 
them on squared 
•, and add tlieir 
ates together, yon 
jet the curve shown 
g. 122. In the very 
way you can com- 
pare lutrmonic motions to arrive at any periodic 
in. A good way of combining pure hannoDic 
motions experimentally 
is to let a body hang 
from a string which 
passes over two or more 
movable, and the same 
number of fixed, pulleys. 
These pulleys are pivoted 
on crank pins, and their 
pivots are made to re- 
volve at any desired rela- 
tive speeds, and each 
gives to the body a pure 
harmonic motion by its 
action on the string. 
The body gets a motion 
compounded of the mo- 
tions of the pulleys, aod 
if it is an ink-bottle or 
pencil pressing on the 
'olving 



^""^S-^^V^^i--^^ paper on a revolvinj 
^-'^^'-|vS<||^::?»' paper roller, we get t 
'^■'■''^ '■''Z^ time curve of the periodic 
Fif. lat. motion. This ia the prin- 

ciple of the conatructiou 
r William Thomson's Tide Predicting Machine. 




IflO 



PBAOnCUU. HBOHAinoS. 



l.ChiC.XTIIL 



18S. When a body can swing east and west under tlu 
influence of forces which have no tendency to move it 
except in a direction due east and west, and if forces Mt 
ing due north and south can uutke it swing in their 
direction, then both sets of forces acting together on ^ 
body will give it a motion compounded of the twt 
simpler motions. Thus, a ball a (Fig. 124) is suspended 
by a string pa, which is knotted at p to two oths 
strings, P s and f s', equal in length, and fastened at 8 
&nd a'. The ball may swing in the direction n o s as if 
it were the bob of a, pendulum hung directly from Uie 
oeOing at p', hut it may also awing in the direction bo* 
at right angles to xo s, and if it does so it swings as if the 
point P were the fixed end of the pendulum a p. When 
it swings under the influence of the two seta of forces 
tending to make it move both ways at once, the motion 
of A is compounded of the other two simpler motionS- 
If p A is one-quarter of the length o p', tiien the eaat 
.1 „ and west awing takeB 

' ' " half as long as the 

:• north and south swing. 
'° If PA is one-ninth o£ 
'" OP', then the east and 
'" west swing tnkes one- 
■ third as long as the 
^ north and south swing. 
The motion of a is 
sometimes very beauti- 
ful, and the experiment 
is easily arranged. 
< 163. The motion is 

' quite easily represented 
Tic. las. on paper. Thus, in Fig. 

125, a' u is the nor& 
and Boul^ direction, and a m, at right angles to it, ia the 
east and west direction. Let the points 0, 1, 2, &a, in 
each of these lines V« found as in Fig. 116. Let the bob 
be supposed to go from to 1 in a'u in the same time as 
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it goes from to 1 in a m. You will observe that I have 
twice as many points in A u as in a' M, showing a slower 
oscillation in the direction a m. You can begin to number 

tuM. 
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Fig. 126. 

your points anywhere, remembering that when the bob 
completes its range it comes back again in the opposite 
direction. Now put marks where the east and west 
Enes meet the north and south ones, drawn through 
C(»Tesponding points. It is evident that the curve 
drawn through these successive marks is 
the real path traced out by t\ie \>a\\ ^"Wdl 
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acted u pon simultaneously by the two sets of forces nrpng 
it in & north and south, and an east and west direetion. 

If you have the aame number of points in a'k U 
in AU, you will get a circle, ellipse, or straight line, 
as in A, B, O, Fig. 126. This represents tlie motion o( t 
conical pendulum free to swing in every direction. Again, 
D, E, F, and many other curves that might be drawn, 
represent the case which I took np in Fig, 1 25, where one 
vibration is twice as quick as the other. If the time of 
vibration in A u ia to the time of vibration in a' u as 3 
to 3, we get curved paths like a, i, j, and so on. In 
experimenting with the pendulum, Fig. 124, it will 
usually be found that slight iniiccuracica in the lengths 




Fig. 117. 

of the cords will cause a oontinnal change to go on in the 
shape of the path traced out by the ball 

We can produce these motions by spiral springs, anJ 
in other waya Thus, for example, if we use instead of 
ibe strip of steel, in Fig. 1 20, a combination of two strips, 
B and b', as in Fig. 127, ao that the heavy bright bead A 
18 capable of vibrating in two directions at the same time, 
you will get the same combinations of pure harmonic 
motions, depending on the point at which b is held in 
the vice c. 

184. When a bo<ly haa a perioiio rotational motion 
about an asia like the balance of a watch or a rigid 
pendulum, we uiust no longer speiik of the force causing 
motion, and the mass of the 1>ody, and the distance 
of ilisplHceraent j but if we substitute lor these terms, 
moments of forces, moment of inertia of the body and 
angle of disjilacement, wo have exiictly the same rule for 
^ finding the periodic time of oacillatioa The periodia 
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time 18 6*2832 times the sqnare root of the angular 
displaoement of the body at any instant, di\ided by the 
angular acceleration at that instant And we know 
tiiat angular acceleration may be calculated by dividing 
the taming moment acting on a body by the moment 
of inertia of the body. A point in the balance of a 
Watoh swings in drcidar arcs, but if you only take 
account of tibe distances which it passes through, and 
suppose it moved in a straight line instead of in the arc 
of a cirde, the motion is veiy nearly pure harmonic. If 
there were no friction or other forces acting on the 
balance except the turning moment of the balance 
spring (see Arts. 162-3), and if the moment of the spring 
were iJways exactly proportional to the angular dis- 
placement of the balance, the motion would be pure 
harmonic. 

We saw in Ait. 162 that the turning moment of the 

spring is fof A, if B is modulus of elasticity of the 

spring, b its breadth, t its thickness, and I its length, and if 
A IB the ang^ilar displacement in radians. 

Angular acceleration is this moment divided by moment 

of inertia i of the balance, or y^T I* 

Hence, angular displacement a, divided by angular 

1 2 Z I 

acceleration, is j|-^s> ^ ^^^ ^® periodic time of the 



balance is 

T s= 6-2832 






InerecLsing the rruymerU of inertia of the balance or the 
length of the spring makte tJis vibration slow. Increasing 
the breadth andj what is still more important^ increasing 
the ihichnees of the spring melees the vibration quick. Aa 
we saw in Arts. 162-3 tiiat our calculation of tihe turning 
moment of the spring is not quite right, that the dimen- 
sions of the balance and spring alter with temperatm^e, 
and that above all the elasticity of the steel alters with 
temperature and with its own state of fittigue, the 
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rule given in tlie note is not perfectly true, nor 
balance be regarded as taking exactly the sa 
for its oscillation in different lengths ol ara At ihi 
same tinie it is of great help to the watchmaker to kno* 
that -with considerable, although not wibh perfect so- 
curacy, the time of vibration of a balance ia proportionsl 
to the square root of the length of the spring, and 80 to. 
For example, suppose the si)ring is 3 inches long, and 
the balanoo makes one swing in 0'25I second, now if he 
wishes it to make a swing in 0*25 second, he mi^t 
shorten it in the ratio of "251 x 251 to '35 x '25, or in 
the ratio -063001 to -0025, so that the length of liia 
spring ought to be 3 x -0525 -^ ■063001 , or 2'976 inches- 
that is, it ought to be shortened '024 incL In the 
same way he can calculate the effect of adding little 
mnsses at any distancea from the centre of the balance, 
so that its moment of inertia may be increased, and 
the balance made slower in its awing. The same law 
tells him how he can compensate the balance, so that 
when in summer the steel of the spring loses its elastiiaty, 
some of the mass of the l>alance will come nearer the 
centre, in order that the moment of inertia may diminish 
in the same proportion. 

186. Compound Pendulum. — The simple pendulom 
described in Art. 177 ia not like the pendulums used in 
pi-actice. In these the bob is not so small tliat we can 
consider it as a point; the long part is not a tliteai 
but a stiff rod of metal or wood, and there is usiiall' 
a knife-edge for aiipport, about wiiich it can turn with 
little friction. In common clocks, however, the top 
end of the pendulum is a thin strip of steel held linni; 
in the chops, but the easy bending of this strip is socli 
that we may imagine the pendulum to move freelj 
about an axis. Employing our genera! rule of Art 184 
we find how to calculate the time of vibration. This 
compound pendulum vibrates in the same time as » 
certain simple pendulum, called the equivaletU simpl'^ 
, pendulum, whose length you ought to find by experiment-- 
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I Fig. 128 let 8 be the axis of susperuion, o the centre of 
avity, and p a point in the continuation of the line s g 
ch that 8 P is the length of the equivalent simple 
indulum. Then P is called the ce7Ure 
oscillation, and it is also known to 
I the centre of percussion of the 
ndulum (see Art 200). It can be 
oved that if the pendulum be 
verted and made to vibrate 
• out a parallel axis through 
it will vibrate in exactly 
e same time as it does about 
and it was in this way, by 
^erting a pendulum which had two 
ife-edges, and adjusting these until 
! pendulum took the same time to 
•rate about one as about the other, 
1 then measuring the distance be- 
^n them, that Captain Kater found 
I length of the simple pendulum 
ich vibrates in a given time. This 
fchod is still employed in gravitation experiments 
jry where to find the value of g which is 32*2 feet per 
ond per second at London. 

If 8 is the axis of suspension, o the centre of gravity, 
w the weight of the pendulum, then the moment with 
which gravity urges the pendulum to return to its position 
of rest is w x o n, hut if the angle o s o be measured in 
radians, and if it is very small, this moment is almost 
exactly equal to w x s o x angle o s n. The angular 
acceleration is obtained by dividing this by i, the moment 
of inertia of the pendulum about s, and our rule becomes 




Fig. 128. 



T = 6*2832 



or T = 6-2832 



w-SQ augleosN-s-i 



/W W-SQ 



angle a 8 v 



(1) 



calculations being made in pounds and in feet. 

When we examine this formula we see that it may be put 
in another form. Find a point x., Buch t\]ka\> VL «2i[i X^<^ xDajei^ 
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of the pendoliim were gathered there, its moment of ineitia 
aboat 8 would be the same as at present ; in fact, sach 

that ^ the mass of the pendulum x s k' would be equal 

to I. The distance s k is called the radius of gyration of the 
pendulum (see Art. 142), and our rule now becomes, 

^ = 6-2832 y/j/S '^' 

where g is 32*2. 

In the simple pendulum, s k and s e are equal, and if 
you make them equal you will find this to be the same rule 
which is given in Art. 177. However, in an ordiMTjr 
pendulum, s k and s o are not equal, but s k'-^s o is 
to some length such as s p, and our rule becomes 

t=:6-2832h /52 (3) 



Vv- 



Evidently s p m the length of the imaginary nmp^ 
pendulum which would vibrate in the same time as our rtai 
pendulum. The imaginary point p has been called the 
centre of oscillation, l]«cause when the pendulum is inverted 
and made to vibrate about an axis through p it vibrates in 
the same time as before.* 

* To prove this it is necessary to return to equation (1). We know 
that I Ib equal to the moment of inertia of the body calculated as ii 
all its mass existed at a, together with the moment of inertia of th( 
body as it is at present, but calculated about an axis through ( 
parallel to the present axis — that is 

w . w , 

I = - s o* + - *•, 
g 9 

where k is some length unknown to us just now, being the radiu 
of gjrration about the axis through the centre of gravity. Rule (1 
becomes 



T = 6-2832 



or T = 6*2832 



? £- 

W-8 

— 7^ 

SQH 



That is, the length of the simple pendulum which will vibrate in t1 
same time is 8 o + g- and we have already found it to be 8 p 
equation (3), so that o P » ^^> or a Pxs a s 1^. But in the very sao 
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\. Examples. — The bar of Fig. 129 witli twoa^jnet- 
l.tuay be bung at one end of a wire, the other 




pf which ia fixed to the ceiling. By twisting and 
sting the wire the bar will oscillate with a motion 

jF ire lamBdared the iiendalum na vibrating about P. we sloiilil 
^ length of the e<]UivBlenC simple peniluluni to te greater timii 
<a amuunt eqaal ^i — , Knd we know that b g is e^unl to thin 
tap would (u before be the length of the eqiuTaleiit 
pendnlnra. Tht axea of oKUtaiion and eu^jtermo'l are thfrcfoi-c 



which IB mach more nearly pure harmonic tbaa that o 
the biilance of a, watch. My student* experiment witi 
such a bar : they can wljuat the weights a and b at he; 




diatuuce from the asiH (there is an engraved scale on 
bar), so that the moment of inertia can be varied. Tl 
can fasten the har at the end of a wire, or they can 
it as in Fig. 130, with a flat spiral spring, or as in I 
129, with a cylindric spiral spring ; and the rate of 
vibration gives one of tho best ways of investigatiijg 
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jsting moments of wires and such springs when strained 
ough given angles. 

In the case of a wire the twist always tends to bring 
I bar to its position of rest with a moment which 
proportioned to the cmgle of displacement from, this 
ition — ^it is this property which causes the motion 
be pure harmonic. This rruyment is also proportional 
the fourth pouoer of the diameter of the tvi/re, and it 
omes less as the length of the wire is increased. By 
ans of a circular scale and a pointer we can measure 
t extent of each swing, and this is found to decrease 
xlually, due to friction with the air and the internal 
jtion or viscosity of the metal. The amount of 
ciinution of swing gives us a means of determining 
s viscosity, and the apparatus can so easily be fitted 
, that no person who wishes to understand the pro- 
*ties of materials can be excused from making these 
periments. 

If the length of the wire is / inches, its diameter d^ 
and if N is its modulus of rigidity (see Table III.), 
then from Art. 92 we see that the moment with which 
the wire acts on the bar, when its angle is A from the 
position of rest, is 

If the moment of inertia of the bar is i (we are 
neglecting the fact that the wire itself has some mass 
which has to be set in motion), then, the moment, divided 
by I, is the angular acceleration, and using this quotient as 
denominator - and a as numerator, extracting the square 
root, and multiplying by 6*2832 or 2ir, by the general rule 
of Art. 184, we find the square of the period of a complete 
oscillation to be 

^ ISSvil 

When motion is slow, the friction, in fluids is propor- 
tional to the velocity, and any friction which follows this 
law i.<« called fluid friction. A great many vibrating bodies 
tend to come to rest by the action of such friction as this ; 
and it is found that if the friction is proportional to the 
angular velocity, then the logarithm of the ratio of the length 
of one swing from the middle position, to the next swing in ^ 
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the vane direction, is neatly equal to i timoi tlie periodic 
time. HencB, this logarithniic decraroent, a* it is ralltd, ii 
proportional to the friction co-efficient. K we ohMrra 
twenty-one elongations on one side of the middle ponticis, 



£zvr«iM.— Blfilai' BttBpeiiBion. — In man? meamuins I 

insttuments a body is aiiapended by two thin vim 1. 

nearly vertical. If the vertical length of each of thw I 

is I, the distance between their ends at the tup, a, mi >t I 

the bottom, i, and the weight of the body, », it is esiJ 1 

to show that for a small angular disptauement, t, tiU 1 

moment tending to bring the body to its poailien of test ' 
is very nearly (neglecting tension of the wires themselTss) 



P'ind the time of TibratioD of such a body when its moment 
of inertia is known. 

Exsreiie. — A magnet, turning on a frictiooleaa pivot at it^ 
centre of gravity, ia subjeoted to a turning moment, H*-_^ 
due to the earth's magnetic action, if It makes only a smnL^'' 
angle. A, with ita position of rest. Find the time of ^^ 
vibration if the moment of inertia ia known, and shoi^'^ 
that the square of the time of vibratioi^- 
of the magnet in different places is io' 
versoly proportional to H. 

187. Stilling^ of YibrationB. — ^When a pure banDonic 
motion b represented on pnper in tlie mauuer described 
in Art, 181, we have a curve of sines. The curve maj 
lie obtained by producing the lines b b', c tf, &c, of Fig. 
116, cutting them at right angles by equi-diatunt hori- 
zontal linos and joining the succef^sire points of inter- 
section so found. It may also be ditiwn by finding from 
a book o£ tables the sines of 0°, 10°, 20°, &c, and 
plotting and sin 0°, 10 and sin 10% 20 and sin 20°, 
ifcc, on a sheet of squared paper. 

A rurre of liiiii expresses the fact thst, it d represents 
the displacement of a vibrating body from its middle 
position after an interval of i seconds siuce it was at the 
middle of its n 
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middle pootioii* This displacement is uBoallj called the 
ampHttide of the vibrtUion. 

If T la ibo time of a complete vibration, it is eaay to see 
that the equation is 

i^=A8in^^ 

T 

If we make the bob of a pendulum terminate below, 

in a t^ihe which can act as a pencil holder, and in which 

a well-fitting pencil can slide freely, and if we move a 

sheet of paper at a uniform rate underneath this pencil 

at right angles to the direction of motion of the pencil, a 

curve of sines will be traced out, if the pendulum swings 

without friction. But in practice we always find that, 

what with the friction at the point of suppoit, friction 

with the atmosphere, (S^c, a pendulum's swings get 

smaller and smaller, that is, the amplitude of the 

vibration gets less and less as time goes 

on, until the pendulum at length comes 

to rest. 

This motion is not a pure harmonic motion, but within 
certain limits each swing may be regarded as very nearly 
a pure harmonic motion. Practical men who deal with 
oscillating bodies, such as pendulums, ships, tuning forks, 
magnetic needles, and suspended coils of wire, usually 
assume that the motion during each swing is a pure har- 
monic motion. The frictional resistance to motion of any 
ordinary vibrating body in a fluid medium, or of a magnetic 
needle vibrating near any body capable of conducting 
electricity, is almost always such that the quicker the 
motion the greater the friction (see Art. 244), that is, fric- 
tional resistance is proportional to speed, and in this case it 
is not difficult to show that instead of the law 



we have the law 



d = ABin^-^t (1), 

rf = A € '** sin — « (2). 

That is, if the strength of the spring or other governor of 
vibration, and the character of the vibrating body are such 
that without friction the law would be (1), then, when the 
vibration is damped by frictional resistance of the above 
character, the law of the motion becomea tbait %\x^iiL \s^ 
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equatioxi (2^. Here k ia a, oonBtant which depends aa the 
character oi the friction. Thus k is greater when a p^- 
dulum swings in water than when it swings in air. Also, 
Ti, the periodic time of the vibration, is no longer the sune 
T as it was for undamped vibrations, and the relation 
between t and Ti is 

i'h-^ ('> 

or if n is the number of undamped vibrations per second, . 
and rti the number of damped vibrations per second, then { 

»«-»,« + ^ (4). 

In order to get exact ideas on this subject of the damping 
of vibrations, the student ought to plot on squared paper & 
curve such as o a' b' c^ d' b' p' o' h' i. Fig. 131, which cor- 
responds with equation (2). Thus, let us suppose that a 
body undamped in its vibrations gets an impulse which 
sends it from its position of rest in such a way that its 
amplitude is 10 inches, and let the time of a compete 
oscillation be 1*6 second. Then the law of its motion 
would be 

A lA ..:, g-2832 . 
Bs 10 sm j.g t, 

or 

rf = 10 sin 3-927* l^^ 

where ^ is in inches, t in seconds, and the angle 3*927 ^ ^ 
radians (see Glossary, Art. 230) .• v 

If now the friction is such that k = 0*7, we find fror<\ > I 
that the time of a vibration is practically unchanged. J^ ^^ 
therefore the original curve of sines by calculating , 
second colunm of the following table. The nimibers of 
first two columns plotted on squared paper would repre^-^^^ 
the undamped vibrations. But for damped vibrations i 

numbers of the second column have all to be multiplied^ 

f "^"*, and if we denote this multiplier by the letter «, 
see that 

a: being €^^ 

log a; = -0*7< log c, 

or loga? = -0*30«. 



» 



We may write (5) in the form 

(2 = 10 sin 225t. 
bi this case the angle 225t is expressed in degrees. 
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I have calculated x for the yarioiiB Talaes of t^ and placed 
the results in the third column. Multiplying, therefore, 
the respectiye numbers of the second and ttm:d columns 
together, we get the fourth column of numbers, and plotting 
the numbers of the first and fourth columns on squared 
paper, we find the curve which shows the 
nature of the damped yibrations. 





10 sin 8'927t, or 




1 


t 

in seoonls. 


10 sin 225t, if 

angle is taken in 

degrees. 


^Jorn 


•"^''l0Bin8-927t 








1 





0-2 


7-07 


•869 


614 


0-4 


10 


•766 


7-56 


0-6 


7 07 


•657 


4-66 


0-8 





•671 





1-0 


-7-07 


•497 


-3-61 


1-2 . 


-10 


•432 


-4^32 


1-4 


-7-07 


•376 


-2*65 


1-6 





•326 





2-0 


10 


•247 


2-47 


2-4 





•186 





2-8 


-10 


•141 


-141 


3-2 





•106 





3-6 


10 


•080 


•8 


4-0 





•061 





4-4 


-10 


•046 


-•46 


4-8 





•035 





6-2 


10 


•026 


•26 


5-6 





•020 





6-0 


-10 


•015 


-•15 


6-4 





•Oil 






Some students may find it as instructive to first di*aw 
urve of sines, then draw the logarithmic curve, corres- 
iding to column three, on the same sheet of squared 
>er, and multiply the ordinate of one curve by that of 
) other to get the ordinate of the real curve which 
libits the damped vibrational motion. This is what 
} been done in Fig. 131 ; oabodefghi is 
\ curve of sines, l P Q is the logarithmic curve, 
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•wing how rapidly the amplitude of the vibration 
lini^es, and o a' b' </ d' B f' o' h' i is the curve 
Lch represents the actual motion of the vibrating 
ly. In this figure the logarithmic curve is drawn to 
h a scale as seemed convenient for showing its pro- 
ties distinctly. It would be very easy to dilate on 
nature of the resulting curve o a' b' &c,, but this 
»k is written to help students who are earnest enough 
calculate the above numbers and plot the curve, and 
en they perform these operations they will have very 
sur notions about the motion we have been investigating, 
I think it would be mistaken kindness on my part to 
icribe it further. 

Exereite, — ^A heavy disc, suspended by a wire, vibrates 
in each of a number of fluid media, its periodic time of 
vibration in all bein^ sensibly the same, or 1*6 second. 
The ratio of the amphtudes of two successive swings in one 
direction being 0*9 in one fluid (that is, the second swing 
being only nine-tenths of the first, and the third being only 
nine-tenths of the second, and so on) and 0*8 in another 
fluid, and 0*7 in another, what numbers will express the 
relative viscoBities of these fluids P 

Here we have 

0-9 = «-^* for the flrst fluid, 
so that -log 0*9 =r 1 'bk log e, 

^ 2. -log 0*0 

that is ki=^ 0*07. 

In the same way h s= 0'16 and h = 0*24 for the other 
fluids, and hence 7, 16, and 24 are the required numbers 
expressing the relative viscosities, as measured by the 
vibrating disc method. 

A very slowly swinging disc and pointer will enable 
1 to plot the complete curve from actual observations. 
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CHAPTER XIX. 

THE EFFECT OF A BLOW. 

188.* Have you ever considered how it is that a blow 
of a hand hammer will indent a steel surface, whilst a 
steady force applied to the same hammer-head would 
require to be very great to produce any indentation < 
The pressure between the hammer and the steel is very 
great, and it must be all the greater because the time of 
contact is very short Indeed, if a hammer weiglis 
2 lbs., so that its mass is 2 -i- 32*2 or -0621, and if, just 
before touching the steel, its velocity was 10 feet per 
second, then you know from the principles of mechanics 
that its momentum was 10 x '0621, or '621. Now, if 
one-ten-thousandth of a second elapses from the time of 
actual contact until the hammer's motion is jdestroyed — 
that is, until the elasticity of the steel is just about to 
send the hammer back again a little — the momentum 
•621 is destroyed in *0001 second, hence the average 
force acting between hammer and steel during this short 
time must have been -621 -f '0001, or 6210 lbs. It is 
certain, however, that this average force is less than 
what the force actually was for some very small portion 
of the time. You will observe then that we cannot 
tell the average force of an impact unless we know 
two things — ^first, the momentum, and second, the time 
in which it was destroyed. Now the duration of 
an impact depends greatly upon the nature of the 
objects which strike one another, and we see that the 
average force of a blow is less as the time is greater. 

* In Art. 63 I have touched on this subject from the strain-enemr 
point of view. It might have confused the student to treat the 
subject from two different points of view in one place. This is mj 
reason for the separation. 
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^metimes, instead of a great force acting for a very 

^Morfc time, what we require is a smaller force acting for 

^ longer time. For instance, when cutting wood we 

^fctain this result by usiug a wooden mallet and a chisel 

^th a long wooden handle, because the force required to 

^ake the chisel enter the wood is not very great, and we 

"^ish this force to act for some time, so that much wood 

^ay be cut at one blow. In chipping, we have the time 

short, because considerable force is required to cause the 

chisel to enter metal. The duration of an impact de- 

X)ends on the shape of the bodies and their masses, and 

on the rigidity of their materials. 

Why is it that in driving a nail into wood your 
blows seem to be of no eflfect unless the wood is thick 
and rigid or unless it is backed up by a piece of metal 
or stone 1 It is because the wood yields quite readily, 
and so prevents the hammer losing its momentum 
rapidly. There are few subjects in which people are so 
apt to have erroneous ideas as in this one of impact. 
Thus a man will speak of ihe force produced by a weight 
falling through a height without having any idea of the 
time during which the motion of that weight is being 
stopped, in fact, without considering what time the 
weight is allowed for delivering up its energy. Now, a 
little consideration will show that the mean force of the 
blow will be quite different according as the weight falls 
on a long and yielding bar or on a short and more 
rigid one. If we could imagine bodies to be formed of 
perfectly unyielding materials, then the slightest jar of one 
against the other would produce an infinitely great pres- 
sure between them, and in the blow produced by a falling 
body there may be every gradation from exceedingly great 
pressures to very small ones, depending on the yielding 
power of the body that is struck. Everybody is acquainted 
with the sensation produced by suddenly placing one's 
foot on a level floor when one was preparing for a step 
downwards. The downward momentum of the body 
is suddenly destroyed, and gi-eat pressures have to act 
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in all the bones of the body. Carriagea are hung 
springs for the purpose of preventing their losing 
gaining niomentum with too great rapidity when the 
earriage wheela pass OTer obstacles. Wlien we are sitting 
on a hard seat in a third class railway compartment, lad 
the carriage gets a slight jerk upwards, niomentum ii 
given much too rapidly to our bodies for perfect comfort, 
and to sit cm cu^oned seats ia preferable. A cannon 
ball is safely, because comparatively slowly, stopped b; 
sand-bags or bales of cotton. 

189. example. — A pile driver of 300 lbs. falls through 
a height of 20 feet, and is stopped during 0-1 secoud, 
what average force does it esert upon the pile 1 A body 
which has fallen fi-eely tlirough a height of 20 feet has sc- 
qaired a velocity equal to the square root of 64*4 x 20, or 
35-89 feet per second. Its momentum is300-^ 32-2 x 35-89, 
or 334-4, and this divided by 0-1 gives 3,344 lbs., 
the answer. From the instant when the motion of the 
driver ceases to diminish, the force exerted by it ia its 
own weight The average force of friction in pounds 
between the pile and the ground multiplied by the 
distance in feet through which the pile descends during 
the stroke is equal to 300 x 20, or 6,000 footrpounda, if 
we neglect the loss due to vibrations of the body and the 
ground in the neighbourhood, and if we also ignore the 
fact tiiat the weight reaUy descends a little farther than 
'20 feet. 

190. Suppose a body a to strike another B, and that 
we ram neglect the actions of outside bodied upon them 
both. If A loses momentum, b must gain the same 
amount because their mutual pressures are 
equal and opposite during the time of 
impact It is our knowledge of this fact thu^t enables 
ua to calculate the motions of bodies after they strike one 
another. Again, for the same reason, if from any internal 
cause the parts of a body separate from one another, 
either violently or gently, the total momentum reniains 

res, it is only the relative momentum which altfir& 
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Qience^ when a shell bursts in the air, some parts move 
LH the same direction more rapidly than before, but 
>thers less rapidly; one part may double its velocity 
^d another may drop nearly vertically, its forward 
ciaotion being stopped, but^ on the whole, the total for- 
ward momentum is what it was originally.* 

19L Examples. — If a cannon were perfectly free to 
move backward when the shot leaves it, the backward 
momentum of the cannon would be exactly equal to the 
forward momentum of the shot. Thus, if a shot of 
20 lbs. leaves a cannon whose weight is 2,240 lbs. with a 
velocity of 1,000 feet per second, the velocity of the 
cannon backward would be 1,000 x 20 -f 2,240, or about 
9 feet per second, neglecting the fact that the gases 
leave the gun also with a certain momentum. When a 
ship fires her broadside, each gun runs back, communi- 
cating, as it is stopped, its momentum to the ship, which 
heels over in consequence. A gun firing the above shot 
of 20 lbs. directly backwards from a ship whose total 
weight is 600 tons gives to the ship so much momentum 
that its speed is increased 9-;- 600, or -015 foot per 
second. We see, then, that a ship might propel herself 
by means of her guns. The steamship WaiefrwUch had 
powerful steam pimips, wherewith she brought a great 
quantity of water in nearly vertically, and sent it out 
backwards on the two sides below water level The 
momentum given to the water backwards was equal to 
the momentum given in the other direction to the ship. 
Et is on this principle that Hero's steam-engine and 
Barker's mill work, the momentum given to jets of fluid 
passing out of certain pipes being equal to the momentum 
given in an opposite direction to the pipe from which 
the fluid passed. In all such cases the propelling 

* Of course the kinetic oiergies of the parts of the shell added 
together are greater than they were before the shell burst ; we are 
[low merely speaking of the momentum. The total momentum of 
/Wo equal bodies goin^ in opposite directions with the same velocity 
B notmng, whereas their total kinetic energy is double that of oim of 
diem. 

O 
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force in pounds ia numerically eqnal to the momenkun ot 
the fluid which passes out in a second. Thus, if from 
a vessel moving with a velocity of 14 feet per second 
water comes through orifices of 4 square feet in area with 
a velocity (relative to the orifices) of 20 feet per Heconil, 
then the quantity piLSsing oab in one second is 4 > 30, or 
SO cuhic feet, that is SO x 62-3, or 4,984 Iba. Nowrs- 
collecting that this water was first brought in and a 
now sent out, what is the velocity which we have really 
impressed upon it in the process J At the b^pimicg it 
was motiooleaa with respect to the sea, ; it now has 
a velocity of 20 - 14, or 6 feet per second with 
respect to the sea, so that the momentum given to it is 
its mass 4,984 4-32-2 multiplied by 6, or 928'7: hence, 
as this momentum is given every second, 938-7 lbs. 
ia the propelling force exerted on the ship. In one 
second the ship moves through 14 feet, so tliat the 
useful mechanical work done is 14x928-7, or 13,003 
foot-pounds. We have given to 4,984 lbs. of water ft 
velocity of 6 feet per second, the kinetic energy of this 
water is wasted, and this kinetic energy is ^ of 4,984 -r 
32-2 X 6 X 6, or 2,786 foot-pounds. In fact, we have 
altogether spent 15,788 foot-pounds, and 13,002 of this 
have been usefully employed, bo that the eificiency of the 
method ia 13002 -!■ 15788, or 0'824, or 824 per cent 
As a matter of fact, however, the friction in pumps and 
pipes usually causes a third of the indicated horse-power 
of the engine to be wasted, so that the true efficiency of 
this method of propulsion is ^ of the above, or 0-549, or 
54*9 per cent, neglecting the efficiency of the cylinder of 
the engine itself. You will remember a fact which has 
come in casually here — if the water leaves any turbine, 
water-wheel, or any propeller of a vessel with a veloci^ 
relative to the still water into which it passes, or if it 
has any other form of energy, this energy has been 
wasted. After studying the above calculation, you will 
have no great difficulty in understanding how we find 
the horse-power given out by turbinos. 
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192. By calculation you will find that, wlien two 
;ree and inelastic bodies strike, the momen- 
>am communicated from one to the other 
s their relative velocity multiplied by 
ihe product of their masses and divided 
)y the sum of their masses, and this 
luotient divided by the time of impact 
[ives the mean pressure. This pressure acts 
qually on both, of course, but it may not hurt both 
qually. If the bodies are surrounded by water like 
hips, they can no longer be regarded as free bodies, 
Jid it is not easy to tell you in a few words how much 
oass you must add to the bodies to represent the mass 
»f the water, which has also to undergo change of 
Qotion. In the case of a ship, the mass of water to be 
Qoved broadside on is much greater than when the ship 
8 struck stem on. 

193. A body falling into a liquid sets it in motion, 
Jid this motion appears at distant places more and more 
learly instantaneously as the liquid becomes more and 
Qore incompressible. The nature of this motion is 
mown to us if we know the velocity of yielding at the 
>lace of contact, and from this the total momentum 
;iven to the liquid. This repi'esents a very considerable 
pressure applied at the place of contact, and this pres- 
ure becomes greater as the velocity of the body before it 
ouches the liquid increases. Hence a cannon ball fired 
.t sea rebounds from the water as from a rigid body, 
lence also a man diving unskilfully, as he falls prone on 
he water, gets a very unpleasant shock, whereas a 
kilful diver enters in such a way as to make the 
Qomentum of the moving water as small as possible, and 
o make the creation of this momentum gradual. 

194. Let us consider what takes place when two free 
vory balls come together. There is a certain instant 
fter they first touch when they move together just as if 
hey were composed of soft clay — then they act on each 
ther with their greatest pressure; they are in their 
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most strained condition, and supposing ao loss hy interotl 
friction, tlie strain in the balls represents an amount of 
stored-up energy (see Art& 63, 63) equal to tlie kinetic 
energy which the bodies bare lost It is very important lo 
remember this fact, that if bodies are to return to their 
old states after the colliaiou, we must suppose that during 
the collision there is a storage of kinetic energy in th« 
form of strain. All the kinetic energy will not be given 
out again, nor can we say that it is all stored, becaose 
there is a sort of internal friction causing part of the 
straia energy to be convert«d into heat when any cbange 
occurs. Now, if the whole of the stored-up energy ii 
confined to one portion of the body, the strain may br 
too great. Thns, a steel rod 1 square inch in section, 1 
foot long, wiU store up 167 foot-pounds of strtun energy 
in its stretched condition before it breaks, For suppose 
breaking stress to be 100,000 lbs. per square inch. Thi* 
will occur when there is a lengthening of '0033 foot^ 
so that the energy stored up is the work done by a force 
whose average amount is 50,000 lbs. acting through -0033 
foot, or 167 foot-pounds. If 2 feet of the same rod 
stored up this same amount of energy, there would . 
only be 83 foot-pounds in each foot of its length, and 
it is easy to see that the stress is no longer the breaking 
stress of 100,000 lbs. per square inch, but only 70,700 lbs. 
per square inch. As we store the same 
amount of energy in smaller and smaller 
portions of a. body, it is evident that we 
must approach a condition of fracture. 

196. We see, then, that at the place where contact 
occurs, two bodies, A and B, are strained ; but if A is of 
some very elastic material, such as tempered steel, the 
strain energy is conveyed very rapidly to every part of 
the body, whereas if b is a feebly elnstic body, the strain 
accumulates at one place, leaving the rest of the body 
unstrained, whilst at this place the strain may produce 
fracture. This slowness to communicate 
the rest of the body 
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be produced hj the shape of the body. For 
instanoe, a rod struck sidewise or a thin plate stinick 
in the middle does not so immediately communicate 
its strain to the remote parts as a rod struck end- 
vise. Again, the nature of the parts of A and b 
in contact may be such that not only does the strain 
energy leave this part of A rapidly, but immediately in 
the neighbourhood of the place of contact there is a 
greater capacity to bear strain energy without rupture 
than is the case with b. Thus, when ship A rams the 
broadside of ship B, the side of b is bent inwards and the 
strain energy produced is accumulated near the place of 
contact till fracture occurs, whereas, not only is a's stem 
able to transmit to all parts of a with great rapidity the 
strain energy which must be stored up in the wliole 
mass, but at the stem itself the material of a is capable 
of withstanding greater stresses than the material of b's 
side. Suppose, however, that a's stem is not of steel, 
still b's iron or wooden side will be perforated if a has 
enough velocity ; a's stem may also be damaged in the 
impact in such a case. 

196. A candle may be fired, it is said, through a thin 
deal board with very little injury to its shape, and the 
usual explanation of this phenomenon given in books is 
that the candle has not time to get broken. This expla- 
nation is not satisfactory ; it is a little too vague. If we 
bad the board in rapid motion, and striking the candle in 
the same relative position, the candle having previously 
been at rest, would the candle perforate the board 1 
There cannot be any doubt that it would. Hence it is not 
the body struck which must in every case get hurt ; the 
pressure on one is equal to that on the other. Suppose 
ship A rushes at ship B when b is broadside on, and 
rams her, b will probably be sunk, even if she is a much 
larger and better ship than a. But suppose that b is 
able to meet her adversary stem to stem, if they are 
equally strong they will equally injure one another, 
and if B is the stronger a will suffer the most This 
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case differs very mucli from that of the candle, because 
we can assume greater strength even for slowly applied 
pressures from stem to atem of the ship a Ibau from 
side to side of B ; whereas the atren@;th of the candle 
for slowly applied pressiii'en cannot be compared wili 
that of tJie wood which it punches from the boarA 
What is meant by tbe usual explanation, "The candle 
has not dtne to get deformed ) " Why has not the soft 
candle time to get broken, and yet the wood has time to 
get torn asunder 1 The fact is, the wood, if it were alowly 
jn-essed, would communicate its strain energy to every 
port of the board and its supports ; but this oommnni- 
cation takes an appreciable interral of time, however 
suddenly the preasure may be applied, or however great 
it may be. As the strain energy is rapidly produced 
it becomes accumulated near the place of contact to 
such an extent as to produce fracture of the wood. Now 
the point of tlje candle is subjected to the same pressure 
as the wood, uud begins to get spoiled in shape — that is, 
it is compressed — and this compression produces a laterul 
spreading. In the meantime, however, the compressive 
strain energy is communicated very rapidly backwards 
along the candle, and the spreading and siwiling goes 
on along its entire length, but is small at any point, 
since it is diatiibnt^d over the whole mass. Practi- 
cally therefore the spoiling occurs only at the point of 
the candle since time is needed for fracture of the 
material. 

197- An earthquake, when it acts on a house, usually 
tends to move it through a distance of probably a very 
small fraction of an inch, but it does this in a very short 
time — that is, the house gets a considerable velocity. The 
mass of the house multiplied by the greatest velocity und 
divided by the short time during which the momentum ia 
lieing communicated, gives the pressure which the founda- 
tions of the house are subjected to. Now, when the foun- 
dations are not very rigidly connected wich the ground, the 
time of communication of the momentum is lengthened, 
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and the presBore is conBequentlj diminisIiecL This is the 
usual Japanese plan of providing for earthquake effects. 
TJnfortoi^telj, the very means taken to diminiah the 
pressure on the foundations also diminishes their capa- 
hility of withstanding pressures, and it has not yet been 
decided what sort of a house is best fitted to withstand 
dertructiye earthquakea Waat of rigidity, combined 
with strength or toughness in the materials, and especially 
die quality of internal friction in the materials, so that 
vibrations may rapidly die away — these are the qualities 
needed. They are found in steel, wrought iron, and 
wood, and especially in wicker-work, in a less degree in 
cast iron and in brick or stone set in cement, and less 
still in brick and stone set in bad mortar. 

198. When you in some way understand the possi- 
bility of a candle perforating a board, you will be able to 
comprehend how sand, when blown in air against 
tempered steel, is able to abrade it; how the emery 
'wheel and grindstone going at great velocities are able to 
cut into hard metals, and how in California a jet of 
water going with very great velocity is used for mining 
purposes instead of iron tools. 

199. Quasi-Bigidity produced by Rapid Motion. — 
A top when not spinning can with difficulty be balanced 
on its point) and if left to itself it almost instantly falls ; 
whereas when it is spinning the effect of slightly tilting 
it out of the perpendicular is not to make it fall, but to 
make it take a ^ow processional motion. 

There is a piece of apparatus called a gyrostat, which 
is, in a more or less pei^ect form, to be found in every 
mechanical laboratory, and the student ous^ht to experi- 
ment for himself ^th this apparatus on the curious 
effects of quasi-rigidity which manifest themselves in 
tops and other spinning bodies. If he has a slight ac- 
quaintance with astronomy he will be interested in 
tracing the connection between the behaviour of a tilted 
top and the precession of the earth's equinoxea 

When a circular sheet of drawing paper is mounted 



' 316 



PRACTH7AL UECHUTTCS. 



JCbat, Xi£ 



like a very thin ^-mdatone on an axis, and is gradiiallj 
made to rotate rapidly, it is found to have become quite 
rigid, that is, it greatly reaiste bending as if it were made 
of Bteel. In tlie same way a long loop of rope, hanging 
round a high pulley, which gives it a. quick motion, 
l.ikes ft c<?rtain form which it ia very difficult to alter, 
us may be shown by atriking it with the hand or with 
a stick : it resemblea more a rigid rod than a flexible 

Again, in the well-known lecture-experiments on 
smoke rings, we see that these little whirlpools of air 
have many properties in common with elastic solid bodies 
on account of the partial rigidity which ia due to their 
rapid motion. 

It would be beyond the scope of an elementary book 
like tliis to explain these curious phenomena, and I 
merely direct the attention of students t« these instances 
in order to incite them to make ojtperinients, and to seek 
for the explanation of wliat they observe, 

800. Motion Produoad by a Blow.— When a body 
subjected to a blow is quite free to move in any way, 
unless the blow acts through its centre of gravity, the 
body will not merely move as a whole, but it will 
revolve. When the blow acta in a direction through 
the centre of gravity there is no rotation produced. 
It is usual in such a case to consider the motion of 
the centre of gravity of the body, and the motion of 
the body about an axis through its centre of gravity, 
for it ia known that any motion whatsoever of the body, 
consists of a combination of two such motions. It is 
found that the kinetic energy communicated to a body 
by means of a blow is best calculated in the follow- 
ing way, if we know the nature of tlie motion ; — 
First, find the kinetic energy, as if every portion at 
the body had the motion of the centre of gravity. 
Secondly, find the kinetic energy of rotation as if the 
axis of rotation through the centre of gravity were fixed 
' 1 Bpac& Add these two results together '" 
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1 from another point of view the instantaneous 

1 of a body when it is struck, namely, as a 

m about some axis which 

not itself move. This is 

the case for an instant ; 

iiately afterwards we must 

I the body as moving about 

X fixed axis. If a body 

ged BO that it can only 

about a fixed axis, it is 
B possible to find the point 
bich the body may be 
:, and the direction of the 
which will t«iid to produce 
tantanoous rotation about 
articular axis, and there- 
o produce no pressure at 
inge. Thus the balliitio 
lum of Fig. 132 is always 
: in such a way, and the 

in which it is struck is 

the "centre of perciu- 
An easy way to find the 
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I fol- 



ody vibrate 
pendulum, about its axis 
(pension, under the action 
vity. Now find the length 
equivalent simple pendu- 
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In a tilt hammer all , 
ought to be delive 
this centre of percuBsion 
wish to have no pressure 

e bearings. A crickot-bat or a rod of iron tingles 
and when we strike a blow with it, imLeaa wa 
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happen to strike at the centre of perouBsicin. For a. rod 
uf iron free to move about one end, the centre of per- 
cussion is at two-thirds of the way towards the other 
end (See Art 185.) 

201. The Ballistic Fendulnni of Fig. 132 is a contri- 
vance which enables us to measure the velocity of a bullet 
It consists of a mass of wood. A, forming part of a 
jtendulum. The bullet is fired into it, and the wood 
swings backwards in consequence. The bullet is fired 
into that part of it which will cause no jar to be given 
to the pivot B. The momentum exiating in tlie bnllet 
before it entera the wood belongs now to the whole maas 
of which it becomes a part c is a silk ribbon which is 
pulled through a moderately tight hole by the awing 
of the pendulum, and the length of ribbon pulled through 
ia found to be proportional to ' 
bullet before entering the 'wood. 
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203. If a wheel is fixed eccentrically on its shaft, or 
if to a shaft there ia attached any object whose centre of 
gravity is not exactly in the axis when the shaft rotates, 
centrifugal force cauBes pressureB on the bearings of 
the shaft which are always in the direction of the centre 
of gravity of the rotating mass. In this case there ia 
said to be a want of balance. If you wish to observe the 
effect produced by such want of balance, mount an axle 
to which a wheel ia keyed on any support which is not 
very firm ; fix a small weight on one of the arma of the 
wheel, and rotate it rapidly. You will find that, even if 
the weight is small, surprising effects are produced, and 
show themselves in a slia&ing of the supports ; and the evil 
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effects are four times as great at 200 revolutions per minute 
as at 100 revolutions per minute. Centrifugal 
force is proportional to the mass of a 
rotating part multiplied by the distance 
of its centre of gravity from the axis of 
rotation, multiplied by the square of the 
number of revolutions per minute. 

203. If a number of bodies are attached to a shaft and 
are whirling round with it, each of them exerts a force on 
the shaft which can be calculated, and the resultant effect on 
the two bearings may easily be determined. If the axis 
of rotation passes through the centre of gravity of all the 
rotating parts, the pressure on one bearing is equal and 
opposite to the pressure on the other, and by properly 
placing the masses the pressure on the bearings may be 
reduced to nothing. Thus it is evident that when two 
masses are directly opposite to one another on a shaft, 
their centrifugal forces may be made to balance one 
another. When not opposite they cannot be made to 
balance, but two masses may balance one which is directly 
opposed to the resultant force of the two. When there is 
neither pressure on the bearings nor tendency to change 
the direction of the axis, it is said to be the permanent 
aads of the rotating masses. All axes of rotation in 
machines ought to be permanent axes. When tliis is 

the case in a locomotive engine, and it is suspended like 
a pendulum bob, by two ropes fastened to the driving 
shaft, and made to work, there are no visible oscillations. 
S04. The balancing of a machine consists in adding 
masses in such positions, or re-arranging the positions of 
the existing masses, so that the centrif^ forces due to 
their rotation are just able to balance the otherwise 
unbalanced forces which act on the various shafts. The 
student will find that the study of one problem in 
balancing will make him familiar enough with the method 
of calculation for its application to almost any other case 
"Vfrhich is likely to occur in practice. The most usual case 
for the student to take up is that of the locomotive 
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engine, because want of balance in the locomotive is 
capable of producing very serious effects indeed. 

205. Example, — It has been shown by experiment that 
the application of snitable balance weights is attended by a 
sensible reduction of resistance on railways at high speeds. 
Locomotive engines unbalanced cannot attain as high speeds 
as when balanced, with the same consumption of fuel. There 
are two separate sets of unbalanced forces acting on the 
crank shaft of a locomotive. (1.) The centrifugal force of 
the crank, crank-pin, and as much of the connecting rod as 
may be supposed, roughly, to follow the path of the crank- 
pin (say one-half of it). The mass or weight of each of 
these multiplied by the distance of its centre of g^vity from 
the axis, divided by the length of the crank, g^ves the mass 
which, on the crank-pin, would produce the same centrifugal 
force. Let this weight be called w lbs. In designing 
engines it is better to trace out the curved path of the 
centre of gravity of the connecting rod, and calculate 
exactly the nature of the pressure whidi its motion produces 
on the axis, but for rough calculation we consider half the 
rod to act as if collected at the crank-pin, the other half to 
be moving with the piston. 

At the end of the stroke, when the horizontal component 
of the centrifugal force is greatest and the vertical com- 
ponent vanishes, the horizontal pressure on the axle caused 
by the centrifugal force is 

w R «2 ^ 2,936, 

R being the length of the crank in feet and n the number of 
revolutions per minute. (See Glossary, Art. 234.) 

(2.) We have the force due to the momentum of the 
reciprocating mass, including piston, piston-rod, slide, and 
the second half of the connecting rod. The loss of 
momentum is most rapid just at the end of the stroke ; and 
as loss of momentum per second is what we call force, the 
force acting on the axle at the end of the stroke due to this 
cause is easily found and proves to be 

w R «» -f. 2,936, 

where w is the weight of the total reciprocating mass. 

Now a weight «?!, or weights whose sum is wi, may be 
placed on the driving-wheel or wheels at a distance r from 
the axis, such that the centrifugal force of Wi may be equal 
to the sum of the above forces. This loads to 

t<;ir = WR-|-«' R, 
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and if we assume any distance, r, we can calculate tho 
balance weight or weights, tPi. 

206. Now, for the axis to be permanent in inside-cylin- 
der engines, i^i must be divided into two parts, one for each 
wheel, inversely proportional to the distances of the wheels 
from the crank. For outside-cylinder engines we get 
balance weights for the two wheels whose difference is w^^ 
and they are, as before, inversely proportional to the dis- 
tances from the wheels to the crank in question. Hence, a 
consideration of each cylinder gives two balance weights, 
one usually much smaller than the other. As the cranks 
are at right angles, the balance weights ought to be 90** 
apart on each wheel. ^Instead of using these two we can 
use one weight placed between their positions, so that its 
centrifugal force is the resultant of theirs. Thus, if we 
found 20 lbs. and 6 lbs. for the two placed at the same 
distance from the axis but 90° apart, make o a equal 20, 
and o B, at right angles to o a, equal to 6 according to any 
scale ; complete the parallelogram, and o c represents on the 
same scale the weight which will replace them. It ought 
to be placed at just the same distance from the axis as they 
were supposed to be placed, and in position it makes the 
angle a o c with the larger weight. In this case it will 
be found that 20-88 lbs. placed 18*3° from the position 
which the weight of 20 lbs. might have occupied will be 
required to replace the two. 

207. It often happens in outside-cylinder engines thatthe 
distance from one wheel, or rather from the centre of gravity 
of a balance weight, to the crank, is 8o little that the corres- 
ponding weight for the other wheel is very small and may 
even be neglected. In inside- cylinder engines it will be 
found that, whereas the cranks are at right angles to one 
another, the balance weights on the two wheels on the 
opposite side of the axis to the cranks are often only 50^ 
apart. In inside-cylinder engines with coupled wheels, the 
outside coupling rods and cranks are usually made to balance 
the inside moving parts. These engines work very smoothly 
mdeed; Outside-cylinder engines with coupled wheels are 
very unstable, from the use of small wheels requiring very 
rapid revolution of the crank axle; from the cyUnders 
being farther apart than usual, so that the coupling rods may 
have room, and from the number of reciprocating parte 
being increased. The conditions seem to admit of no 
remedy for these defects. The balance weight ought to be 
distributed over two or three of the spaces of the wheel, 
that the tire may not be unduly strained. The reciprocating 
parts oi engines ought to be as light as possible, ana 
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thu width of cylinders as neariy as possible equal to ^ 
of the wheels. . 

206. We have, then, the following easy, approzimaW 
correct rules for locomotives : — If b is length of crank, r the 
distance of centres of gravity of each balance weight from 
centre of wheel, e the distance apart of the centre UneB oi 
cylinders, d the distance apart of the wheels or centres of 
gravity of the balance weights, w the total weight of crank 
(referred to the pin, see Art. 205), pin, connecting rod, 
piston, slide, and piston-rod, a the angle which the radius 
to centre of gravity of balance weight makes with near 
crank : — 

(1.) Inside-cylinder engines with uncoupled wheels. 

Each balanoe weight = ^^ f^2d^-^2e^, 

X d — 

tan. A = j-r- J 

so that A is easily obtained from a book of tables. 

(2.) Outside-cylinder single eng^es with uncoupled 
wheels. 

Each balance weight =s ^, 

A= 180'; 

so that in this case the balance weight is placed exactly 
opposite to the crank. 

(3.) Inside-cylinder engines with wheels coupled. Find 
by rule (1) if the weight of the coupling rods, &c., is too 
great. If so, let counter weights equal to the difference be 
placed opposite the outside cranks. If too small, the 
difEerence must be made up with balance weights, as in 
rule (1). The positions of the outside cranks are foimd 
by rule (1). 

(4.) Outside-cylinder coupled engines. Find revolvinR 
weight of coupling rods, &c., for each wheel. Also fi^ 
sum of the weight of the piston, rod, slide, and half 
connecting rod. Divide this latter among tiie wheels, 
adding the given revolving weight already on them. Let 
this be used on each wheel aocoroing to rule (2). 
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CHAPTER XXL 

OLOSSABT. 

209. Introductory. — At the outset I stated that 
mj readers must have a previous acquaintance with 
the elementary principles of mechanics; but, inasmuch 
as I am afraid that some may be deceived as to the 
exactness of their notions, I think it necessary to give a 
chapter in explanation of such fundamental facts and 
definitions as are most likely to be misunderstood. This 
chapter I call a Glossary, for although very different from 
any glossary I am acquainted with, it serves exactly the 
purpose of one. 

210. Vertical Line. — A line showing the direction 
in which the force of gravity acts. It is a line at right 
angles to the surface of still water or mercury. 

211. Level Surface. — ^A surface like that of a 
still lake, everywhere at the same level and everywhere 
at right angles to the force of gravity. It is not a plane 
surface. 

212. Curvature. — For any curve you can find by 
trial at any part, what circle will best coincide with the 
curve just there 1 The radius of this circle is called the 
raditu of curvatwre at the place. But since we say, for 
instance, that a railway line curves much, when we mean 
that the radius is small, the name cwrvature is always 
given to the reciprocal of the radius. Thus, if the radius 
is 8 f eet^ we say that the curvature is |th. If. at another 
place the curvature is -{^th, the change of curvature in 
going from one place to another is the difference between 
these two fractions. 

213. Mass. — ^Mass is the quantity of matter in a 
body. The weight of a body depends on whether it is at 
Loudon or Paris, or elsewhere. A body which vireighs 
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ft pound, as Indiciited by k spring balance, in LondnJ 
would weigh 0-46 lb. on the planet Mertniry, would 
weigh 2'67 lbs. on the planet Jupiter, and would wa^ 
hardly anything near the centre of the earth, and yrt 
it would always have the eame mass. The weight of 
ft body in pounds at London, divided by 33 '2, ia & 
number which we use to denote the mass of the htAl' 
The weight of the same body in Spitzbergen, dividod by 
32-25, would give the same number. The weight ol 
the same body at Trinidad, divided by 32 09, woaW 
give tlie aame number. The weight of tie ssiM 
body on the planet Jupiter, divided by 85'9, would gife 
the same number. These divisors are experimentoUy 
determined ; they represent the acceleration to the velo- 
city of a falling body, due to the action of gravity** ,,„ 
the various places. Divide, then, the weight of a Wj Irt* 
in the British Inlands by 32'2, and you get the ma* ju: 
measured in a way which ia very convenient for a grtift' V.-r 
number of calculationa \\i 

214. Velmiity is the q)eed with which a body raove^ I 
Find the time in seconds taken by a body to traverse * \ 
certain distance measured in feet This distance divide™ ■ 
by the tinie is called the average velocity. Thus, if * 1 
railway train moves througb 200 feet in 4 seconds, i"^! 
average velocity during this time is 200 4- 4, or 50 fc^'^ 
per second. If we find, with careful measuring instn-^' 
ments, that it moves through 20 feet in -4 second, c^ '' 
through 2 feet in -04 second, the velocity is 20-^ "4, ar-^ 
2 -i- -04, or 60 feet per second. It is important t^^ 
remember that the velocity mey be always changin^^^ 
during an interval of time, and therefore cannot be said^:^ 
at any instant, to he equal to the average velocity. Tt^^ 
I get ike velocity at any instant, we must make very*^^ 
exact measurements of tlie time taken to pass over v 
very short distance, and even this will only give u^ 
the average velocity during this short time. But if ww 
tnake a number of measurements, using shorter and 
shorter periods of time, the average velocity becomea 
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id more nearly the velocity which we want, 
t 10 o'clock, a man in a railway train making 
l1 measurement finds that the train passed over 
t in the last 4 seconds. He finds the average 
r 4 seconds previous to 10 o'clock to be 200 -f 4, 
et per second. Another man finds that it passed 
0-4 feet in the two seconds before 10 o'clock, 
s during these two seconds an average velocity of 
2, or 50*2 feet per second. Another man finds 
eet passed over in one second previous to 10 
which shows a velocity of 50 25 feet per second. 
* man finds 25*132 feet passed over in half a 
before 10 o'clock, and finds 25 '132 -r 0*5, or 
feet per second. Another man finds 12*567 feet 
rter second before 10 o'clock, and his observation 
1*268 feet per second, and so on. It is evident 
) values given by these various observations are 
ling the real .value of the velocity at 10 o'clock, 
ating these residts, I have : — 



jiteryalfl of Time in Seconds 
1>efore 10 o'clock. 


Average Velocity in Feet 
per Second. 


4 
2 

1 

i 

i 


60-00 

60-20 

60-25 

60-264 

60-268 



the two sets of numbers on squared paper, and 
eurve through the points so found. Produce the 
nd you have the means of finding the average 

for an infinitely small interval of time before 
sk. This is the required velocity. I need hardly 
b few practical purposes require us to observe 

much accuracy as this the velocity of a body 
elocity is changing. 

Acceleration. — This is the rate of chan!^ ol 
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Bie relocitj of a body. Thus, it ia known that the I 
Velocity of a body falling freely 

At the end of one second is 32*2 feet per second. 
„ „ two Beconda is 64'4 „ „ 

„ „ three „ 96 '6 „ „ 

„ four „ 128-8 

ftnd we see that there ia an vncreaae to the velocity o' 1 

! every fieoond. The acceleration in this c 

^waya of the same amount — hence we call it unifofm bo- ^ 

oelevution, and Bay it ia 32'2 feet per second per seconiL 

If a force continties acting on a body, ita effect J* 
to produce a uniform acceleration in the direction iJ* 
which it acta. You may experiment witb AttwtKxl ^ 
machine, or siniply use, as ihe body acted oji, a bwwJ-^ 
carriage running very fi'eely on a very smooth, lev^ 
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mass moved. In this case the mass is 50 -f 32*2, 
or 1-553, so that we have 2 -j- 1*663, or 1*223 foot per 
second per second as the acceleration. Thus, if the 
l>ody started from rest, the velocity would be 1*223 x 5, 
or 6*115 feet per second at the end of 5 seconds. And 
liow comes the question, how far will the body move 
from rest in five seconds 1 Evidently its average velocity 
during this time is half its terminal velocity, or 3*0575, 
so that 5 X 3*0575, or 16*3875 feet is the distance. It is 
evident that to get the space passed over we 
kave multiplied half the acceleration by 
*te square of the time. 

When a body falls freely, its own weight is acting on 
*tj8 own mass. For instance, say the weight is 2 lbs., then 
file mass is 2 -r 32*2, and weight divided by mass 
'^ acceleration, which we find to be in every case 
*2*2 feet per second per second at London. The 
''^locity at the end of any number of seconds is 32*2 
•Multiplied by this number ; and the space fallen through 
^ any number of seconds is half 32*2, or 16*1 multiplied 
^^ the square of the number of seconds. You can check 
tiese rules by the rules given you for potential and 
-inetic energy, and you will find them quite consistent 
^th one another. Get to thoroughly understand the 
^ws of energy first, and you will find that these other 
Matters can be reasoned out quite easily afterwards. 

216. Momentum. — If a body's weight is 2 lbs., its 
aass is 2 -r 32*2, or '0621. Now, if the body is moving 
^th a velocity of 20 feet per second, its momentum is 
D621 X 20, or 1*242. If this momentum is created or 
.estroyed by a force acting for only one second, the force 
luflt be 1*242 lb. ; 4f it is created or destroyed by a 
Dree acting for 5 seconds, the force must be 1 *242 ^ 6, 
r '2485 lb. The mass of a body multiplied by its 
^elocity represents its momentum. Momentum is some- 
imes defined as the quantity of motion possessed by a 
K)dy. It represents the constant force which, acting for 
oie second, would stop the body. Suppose a certain 
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amount of momentum is produced by a force of one 
pound acting on a body for one second, the same 
amount of momentum would be produced by a force 
of 2 lbs. acting for half a second, or by 1,000 lbs. 
acting for the thousandth of a second, or by "OOl lb. 
acting for 1,000 seconds. You can easily prove this by 
what you already know about the motion of a body.* 

If the velocity of a body has been produced or de- 
stroyed by various forces, each acting for a certain time, 
multiply each force by the time during which it acted, 
and the sum must be equal to the whole momentum gener- 
ated or destroyed. When we know the time during which 
a certaia force has acted on a body giving to it motion, 
we generally determine the motion by calculating the mo- 
mentum of the body. When we know the distance through 
which a force has acted on a body giving to it motion, 
we generally first find the kinetic energy of the body. 

217. Impulse or Blow. — ^When a body is suddenly 
set in motion or stopped in its motion by a blow, the effect 
of the blow is measured by the total momentum produced 
or the total momentum destroyed. We know that great 
forces must have been acting for short times to produce 
the effect we observe, but it seems difficult to find the 
magnitude of each force and the time during which it 
acted. The average force during a blow may be approxi- 
mately foiuid by dividing the momentum produced or 
destroyed by the short interval of time during which 
the force acted. 

218. Resultant. — The resultant of two or more 
forces is a force which might be substituted for them 
without changing the effect. If two strings pull a 
point with forces of 5 lbs. and 7 lbs. (Fig. 134), and if 
the angle between them is 30^, draw o P equal in' length 
to 5 inches, and make the angle Q o P equal to 30^. 

* IF a force acts on a body^ the acceleration which it prodnces ii 
equal to the force divided by the mass of the body, and this acceleratiaii 
multiplied by the time gives the velocity. Hence the force multiplied 
by the time equals the mass multiplied by the velocity whioh 
b produced in that time. 



i 
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Make the length of o q, 7 inches. Complete the parallelo- 
gram Q o p R, and draw the diagonal o R. Measure o R 
in inches ; we find it to be . P 

11*6 inches, so that the re- ^ --------^ 

Bultant of the two forces is ^x^^L--""^''' — ^"^ 
11*6 lbs. One string acting ^^'^^ > -'^' 

in the direction o R with a Fig. 1S4. 

pull of 1 1 '6 lbs. will produce 

the same effect at o as the two strings did. Suppose 
▼hen the two strings were acting we had found by ex- 
periment that a third string o £ (Fig. 135) would just 
prevent the two strings from causing motion at o, 
then experiment would also show that the force in o £, 
^ which may be called the equilibrant of 
o p and o Q, is exactly equal and oppo- 
site to the resultant of o p and o Q. 

219. Equilibrium. — If three and 
only three forces keep a body in equi- 
librium, we know that these three forces must be 
parallel to and proportional to the sides of a certain 
triangle. If a number of forces keep a body in 
equilibrium, and if all their lines of action meet in a 
point, they must be parallel to and proportional to the 
sides of a certain closed polygon. But supix)se they do 
not meet in a point, two important conditions hold : first, 
bhe forces are parallel to and proportional to the sides 
oi a certain closed polygon, else they would make the 
body move as a whole ; secondly, the turning moments 
af tihe forces about any axis whatsoever must balance, 
also the body would rotate. When the forces acting on a 
body are parallel to one another our rule becomes 
simpler, and we find, first, that the sum of all the forces 
in one dii;pction must be equal to the sum of all the 
forces in the other direction; secondly, that the turning 
noments of the forces about any axis whatsoever must 
xdanca 

220. Moment of a Force. — ^This is the measure of 
lie tendency of a force to turn a body about an axis. It 
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is the force multiplied by the perpendiculai 
between the direction of tlie force and tha 
fact, the force multiplied by what has beea 
leverag& A force of 5 lbs. acting at the disbmo 
from an axis is said to have a moment of 10 p<i 
and a force of 2 lbs. acting at the distanoo of 5 
force of 4 Iba, acting at the distance of 2-5 & 
have the same turning moment. 

If a number of forces tend to turn a body 
axis, find the sum of the momenta tending to 
body in the direction of the bands of a watch 
Bum of the moments tending to turn the b« 
the hands of a watch. The diffei-ence of these 




Supi 
" " ooni' 

is fastened by means of a naU to this woodi 
pulled by a weight of i lbs., and that when ! 
accurately the perpendicular distance from til 
the string I find it 1 '2 foot. 1'hen the mome 
force ia 4 K 1'2, or 4-8 pound-feet in the direct 
hands of a watch. Suppose that I do the na 
the other cords which are keeping the wood 

* If the force ioes not act in a piano nt riglit Anglca 
It 1b only its roBolTed part in tlijs plane whiob we 



Chap. YXT.l 



MOMENT OP A FORCE. 



231 



can then make such a Table as the following, and find 
that the sum of the turning moments in one direction 
is equal to the sum of the moments in the other direc- 
tion. This Table shows the result of a certain experi- 
ment in which six forces were acting. 



Forces Tending to Turn Body ia 

Opposite Direction to that of 

Hands of Watch. 


Forces Tending to Turn Body in 

Same Direction as that of Hands 

of Watch. 


Force in 
Pounds. 


THstance in 

Feet of Force 

from Axis. 


Moment in 
Ponnd-feet. 


Force in 
Poauds. 


Distonce in 

Feet of Force 

from Axis. 


Moment in 
Pound-feet. 


14 
2-4 
8-6 


0-3 
6 
1-0 

Total 


4-2 

12-0 
8-6 


40 
6-2 

2-7 


12 
1-6 
40 

Toffll 


4-8 

9-3 

10-8 




24-8 


24-9 



If you try such an experiment as this, to complete it 
and to get a thorough understanding of the matter, give 
a very small turn to the wooden disc and measure the 
amount of rise or fall of every weight, using a magni- 
fying glass and a very small scale. Some rise and others 
fall, but you will find that the work given out by those 
that fall is equal to the work given to those that rise. 
You will see that this is the reason why the above rule 
is tma Perhaps this will appear more evident if you 
imagine that, instead of being tied to separate nails, the 
cords had passed round pulleys of different diameters, 
but all fixed to one axla Again, if you turn the wooden 
disc (Fig. 136) very slightly, you alter all the distances, so 
that there is no longer equilibrium. If you had pulleys 
this would not be the case ; there would be equilibrium 
in any position. 

S22. Torque. — ^When a system of forces satisfies the 
first condition for equilibrium given above, but does not 
satisfy the second condition — that is, when it is equiva- 
lent to a couple — the system is called a torque, Tlie 
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reason why this name has been introduced by Professo"^ 
James Thomson is that such systems of forces haV^ 
hitherto been vaguely called " a moment^" " a couple, 
and so forth, and these names rather express the effec^^^ 
of the torque, or its resultant, than the torque itself. 

223. A lever is a body with one point fixed, called th ^^ 
fulcrum. There is equilibrium when the turning momeni 
of one of the balancing forces about the fulcrum is equal 
and opposite to the turning moment of the other. Thus 
force of 1 lb. acting at 20 feet from the fulcrum will balance-* 
a force of 50 lbs. acting at 0*4 foot from the fulcrum. 

224. If two parallel forces acting on a body are equal, 
and opposite in the sense of their action, they form what 
is called a couple, and as they have no other tendency 
than to turn the body, they are always measured by 
their moment, for they evidently have the same moment 
about any axis we may choosa Thus, a couple con- 
sisting of two parallel forces, each of 8 lbs., if they are 
3 feet asunder, is said to be a couple whose moment is 
24 pound-feet. If they consisted of two forces, each of 
12 lbs., 2 feet asunder, or of 6 lbs. 4 feet asunder, or of 
24 lbs. 1 foot asunder, they would have exactly the same 
effect. Hence, when we speak of a couple we always 
speak of it as a couple of so many pound-feet. 

225. Work. — To do work it is necessary to exert 
a force through a certain distance in the direction of 
the force. Thus, if I exert a force of 20 lbs. through 
a distance of 6 feet, I do 20 x 6, or 120 foot-pounds of 
work. If a body of 5 lbs. weight changes its level by 
the amount of 10 feet, whether it does this by a direct 
vertical fall or rise, or is moved up or down an inclined 
plane or curved surface, so long as there is no friction, 
the amount of work given out by the body in falling or 
given to it to make it rise is always the same, 5 x 10, or 
50 foot-pounds. 

226. Example, — One of the weights of a certain 
clock is 20 lbs., and after being wound up it can fall 
thi'ough a distance of 40 feet. Suppose we wish to alter 
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this height, making it 10 feet; what weight must we 
use 1 Evidently the work given out by the new weight in 
Mling 10 feet must be equal to the old weight 20 x 40 
feet^ or 800 foot-pounda In fact, the new weight must 
be 80 lbs. Of course you must apply this weight to the 
clock by means of a block and pulleys, or you must 
reduce the diameter of the drum proportionately; and 
if in applying it you introduce more friction thaii there 
used to be in the clock, you must further increase the 
weight) so as to be able to overcome this friction. 

227r Horse-power. — One horse-power is the work of 
33,000 foot-pounds done in one minute. Remember 
that power really means, not merely work, but work 
done in a certain tima The work done in one minute 
by any agent divided by 33,000 is the horse-power of 
that agent. In a steam-engine, the piston travels four 
times the length of the crank in one revolution, and all 
this time it is being acted on by the pressure of steam. 
If the Tnea/n or average pressure urging the piston is 
60 lbs. per square inch, and the area of the piston is 
150 square inches, then the total average force urging 
the piston is 150x60, or 9,000 lbs. If the crank, 
whose length is 0*9 foot, makes 70 revolutions per 
minute, then the piston travels 4 times 0*9 x 70, or 
252 feet per minute, so that the work done in one minute 
is 9,000 X 252, or 2,268,000 foolrpounds. Dividing this 
by 33,000, we find the horse-power of the steam-engine 
to be 68*7. The mean pressure is best found by the use 
of an mdicator which draws for us an mdicatar diagram. 
Measuring the pressures at ten equidistant places on this 
diagram, adding them together, and dividing by ten, 
gives the average pressure. If an indicator diagram can 
be obtained from both sides of the piston So much the 
better, as we add our two results and divide by two. 
As the pressure of steam is usually given per square inch, 
it is usual to take the diameter of ^e cylinder in inches, 
but distances passed through by the piston are evidently 
to be measured in feet 
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Exercise. — ^I find by a spring balance that some I ^ 
horses or a steam-engine have been palling a carriage l^jvotJ 
with an average pull of 120 lbs. during one ininute, tie I ^-^ 
space passed over in the minute being 500 feet ; what is Iv-- 
the horse-power expended on the carriage 1 Here I ^_^^. 
120 lbs. acts through the distance of 500 feet, and the I ^-^ 
work done in one minute is evidently 500 x 120, or I ^^ 
60,000 ; dividing by 33,000, we find the horse-power to I y^^ 
be 1 -818. I ^ 

228. Energy is the capability of doing work. Whea I ^^^u 
a weight is able to fall, it possesses potential energy equal I ^itl 
to the weight in lbs. multiplied by the change of level in 1 k<^ 
feet through which it can falL When a body ia in \^^ 
motion, it possesses kinetic energy equal to its weight ii^ \ ** 
lbs. divided by 64*4 and multiplied by the square of it^ % * 
velocity in feet per second. % 

229. Example.— A body of 60 lbs. is 100 f^t abor^ ^ 
the ground, and has a velocity of 150 feet per secon(^^ ^ 
What is its total amount of mechanical energy 1 — thg ^^^ 
is, what energy can it give out before it reaches th^^\ 
ground, and becomes motionless ? Here the potentia**-*-^ y 
energy is 60 x 100, or 6,000 foot-pounds. Its kineti^^^ ' 
energy is 60 x 150 x 150 -f 64-4, or 20,963 foot-pounds^-^ 
So that the total amount is 26,963 foot-pounds. 

Exercise, — Suppose this body to lose no enerj 
through friction with the air, and suppose that, aftei 
a time, it is at the height of 20 feet above the ground ; 
find its velocity. Answer. Its potential energy is now 
60 X 20, or 1,200 foot-pounds, therefore its kinetic 
energy must be 25,763, and evidently this, multiplied 
by 64*4 and divided by 60, gives the square of the new 
velocity, which I find to be 168*1 feet per second. 
Evidently in such a question we are not concerned with 
the direction in which the body is moving. It may be a 
cannon-baU, or a falling or rising stone, or the bob of 
a pendulum. Given its velocity and height at any instant^ 
we can find for any other height what its velocity must 
be, or for any other velocity what its height must be. 
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230. Angle. — An angle is the inclination to one 
another of two straight lines. An angle can be drawn : 
First, if we know its magnitude in degrees, A right angle 
has 90 degrees. Second, if we know its magnitude in 
radians. A right angle contains 1 '5708 radian. Two 
right angles contain 3 '141 6 radians. One radian is equal 
to 57*2958 degrees. One radian has an arc, b c, equal in 
length to the radius A b or A c. It sometimes gets the 
clumsy name " a unit of circular measura" Third, we 
can draw an angle if we know 
either its sine^ cosine, or tangent, 
&c. Draw any angle, bag (Fig. 
137). Take any point, p in ab, 
and draw pq at right angles to 
AC. Then measure pq and ap 
in inches and decimals of an inch, 
p Q -r a p is called the sine of the 

angle, aq -f ap is called the cosine of the angla 
p Q -r A Q is called the tangent of the angle. Calculate 
each of these for any angle you may draw, and measure, 
with your protractor, the number of degrees in the angla 
You will find from a book of mathematical tables 
whether your three answers are exactly the sine, cosine, 
and tangent to the angle. This exercise will impress on 
your memory the meaning of these three terms. 

Divide the number of degrees in an angle by 57 '2958, 
and you find the number of radians. Suppose we know 
the number of radians in the angle bag, and we know 
the radius a b or a c, then the arc b c is 

A b X number of radians in the angle. 

Given, then, a radius to find the arc, or given an arc 
to find the radius, are very easy problems. 

231. Angular Velocity. — If a wheel makes 90 turns 
per minute, this means that it makes 1*5 turn per 
second. But in making one round any radial line moves 
through the angle .of 360 degrees, which is 6*2832 radians; 
80 that 1*5 round per second means 6*2832 x 1*5, or 
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9*4248 radians per second. This is the common scien- 
tific way in which the angular velocity of a wheel i^ 
measured ; so many radians per second. If a wheel make^ 
30 rounds per minute, its angular velocity is 3*141^ 
radians per second. One round is the angular spac^ 
traversed in one revolution. 

The real velocity in feet per second of a point 
a wheel is equal to the angular velocity of the whee-'"^ 
multiplied by the distance in feet of the point from th^^ 
axis. 

232. Angular Acceleration. — ^The acceleration 
angular velocity per second. If a wheel starts from 
rest, and has an angular velocity of 1 radian per second 
at the end of the first second, its average angular ac- 
celeration during this time is 1 radian per second per 
second. 

233. Comparison of Linear Motion and Angvla/r 

Motion. 



The mass of a body is its 
weight divided by 32 -2. 



A linear motion is given to 
a body when an unbalanced 
force acts upon it. 



Acceleration of a body 
equal to force -r- mass. 



IS 



If a force continually acts on 
a body, the velocity is equal 



The moment of inertia of a 
wheel' or other rotating body 
is found by taking the mass of 
each portion of it and multi- 
plying by the square of its 
distance £rom the axis. 

To produce angular mo- 
tion — that is, rotation — ^it is 
necessary to have an un- 
balanced force acting at a dis- 
tance from the axis of rotation. 
Force multiplied by perpen- 
dicular distance from axis is 
called the turning moment of 
the force. 

Angular acceleration of a 
body moving about an axis is 
moment of forces -r moment of 
inertia. 

If a turning moment con- 
tinually acts on a body (as by 
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to acceleration multiplied hj 
time from rest. Also 



Space passed over is equal to 
half acceleration multiplied by 
square of time. 



Energy stored up in a body is 
half its mass multiplied by 
square of its velocity. 



If a body moves backwards 
and forwards under the action 
of a variable force which is 
always proportional to the dis- 
tance of the body from its 
middle position, and whicb 
always acts towards this posi- 
tion, and if the force at a dis- 
tance of one foot is 6 Ibs^ then 
the time of vibration is equal 
to 8*1416 times the square root 
of the quotient of the mass of 
the body divided by 6. 



If a force of 20 lbs. acts on a 
body through the distance of 
3 feet in the direction of the 
force, the work in foot-pounds 
done by the force on the body 
18 equal to the force 20 multi- 
plied by 8, or 60 foot-pounds. 

If, then, a body receives 
power, say like a carriage, by 
a force acting on it in the 
direction of motion, the horse- 
power received is equal to the 
force in pounds multiplied by 
the distance in feet passed 



a cord wound very many times 
round the axle of a wheel with a 
weight at its end), the angular 
velocity is equal to the angular 
acceleration multiplied by the 
time from rest. Also 

The angle described by the 
wheel in any time is equal to 
half the angular acceleration 
multiplied by square of time. 

Energy stored up in a wheel 
is half its moment of inertia 
multiplied by square of angular 
velocity. 

If a wheel vibrates about its 
axis under the action of a 
spiral spring or twisted wire, 
so that the torque is always 
proportional to the angular 
displacement of the wheel 
from its mean position, and if 
the torque is 6 pound-feet 
when the wheel is 1 radian from 
the mean position, then the time 
of a vibration is equal to 3*1416 
times the square root of the 
quotient of the moment of 
inertia of the body divided by 6. 

If a torque is 30 pound-feet, 
and it turns a wheel through 
the angular distance of three 
radians, the work in foot- 
pounds done upon the wheel is 
equal to the torque 30 multi- 
plied by 8, or 90 foot-pounds. 

If, then, a body receives 
power, say through a shaft, the 
horse-power received is equal to 
the turning moment in pound- 
feet acting on the shaft mul- 
tiplied by the angle in radians 
described in one minute (or th» 
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through in one minute divided 
by 33,000. 

The mass of a hi dy multi- 
plied by its Telocity is the 
momentum possessed by the 
body. 

A force multiplied by the time 
during which it acts in hasten- 
ing or stopping the motion of a 
bc^iy is equal to the momentum 
produced or destroyed. 

If a body has momentum 
represented in direction and 
amount by the line op (Fig. 
138), and if a force actiiqg^ in 
the direction oq produces a 
change of momentum repre- 
sented, by the length of oq, 
then OB is the resultant mo- 
mentum in magnitude and 
direction possessed by the body 
after the operation of the force. 




Fig. 13a 



If forces represented in 
direction and magnitude by 
the lines o p and o q act on 
a body, their action is the same 
as that of a force rep»resented 
in direction and magnitude by 
the line o r. 



number of roimds per minute 
X 6*2832), divided by 33,000. 

The moment of inertia of a 
body multiplied by its angulax 
velocity is its moment of mo- 
mentum. 

A torque multiplied by the 
time during which it acts in 
hastening or stopping the rota- 
tion of a body is equal to the 
moment of momentum pro- 
duced or destroyed. 

If a rotating body's axis is 
in the direction o p, and if its 
moment of momentum about 
this axis is represented by the 
length of o p, and if forces act 
upon it so as to turn it about 
an axis whose direction is o o, 
and if the amount of moment 
of momentum produced by 
the torque is represented by 
the length of o q, then the 
resultant motion of the body is 
a rotation about the axis ob, 
its moment of momentum being 
represented by the length of 
o R. (The arrow-heads in this 
case mean that an eye at o sees 
that the rotations are in the 
same sense — that is, all against 
the direction of the hands of a 
watch, let us suppose.) 

If torques act on a body, if 
one of these is about an axis 
in the direction o p, and if 
the amount of the torque in 
pound-feet is represented by 
the length of the line o p, and 
if ^o Q similarly represents the 
torque about an axis in the 
direction o q, their combined 
action is the same as that of 
a torque about an axis in the 
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direction or, the amount of 
the torque being represented 
by the length of the line or. 
(The arrow-heads have the 
same meaning as in last case.) 

The change of momentum The change of moment of 

produced in a body which re- momentum produced by an 

ceives an impulse is' equal to impulse is equal to the sum 

the sum of the products of the of the products of the moments 

pressures during the impulse, of the pressures during the im- 

each multiplied by the time pulse, each multiplied into the 

daring whidi it acts. time during which it acts. 

234. Centrifugal Force. — If a body is compelled to 
move in a curved path, it exerts a force directed out- 
wards from the centre, and its amount in pounds is 
found by multiplying the mass of the body by the square 
of the velocity in feet per second, and dividing by the 
radius of the curved patL Thus a weight placed at the 
end of an arm like the arm of a wheel exerts a pull 
in the arm. If a body moves round an axis 20 times 
per minut-e in a circle whose radius is 3 feet, you can 
determine the centrifugal force by first finding the 
velocity of the body and using the above rule, or you 
may proceed as follows : — The weight of the body multi- 
plied by 3 multiplied by the square of 20 divided by 
2,936 is the centrifugal forca* 

Suppose a wheel, whose total weight is 20 tons or 
44,800 lbs, has its centre of gravity 0*4 foot away from 
the axis — that is, suppose the wheel to be somewhat 
eccentric — ^then if the wheel makes 50 revolutions per 
minute, the centrifugal force is 44,800 x 0*4 x 2,500 
-f 2,936, or 15,261 lbs.— that is 6-81 tons. This force 
acts on the bearings of the shaft, always in the direction 
of the centre of gravity of the wheel (see Chap. XX.). 

235. Any one who wants to get clear ideas about 

• 0«itrif,i«al foree= ^, or maX or v^'^2,m ; where m i. 

mass of body, or w its weight in pounds ; r, radius of curved path ; 
V, Telocity in feet per second ; a, angular velocity in radians per 
second ; and n. numh'ir of revolutions per minute. 
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ngal force ought to make expenments of his own. 
bunately, although there are many toys made to 
lie the effects of centrifugal force, I know of only 
)iece of apparatus which enables the 
to be systematically experimented 
Fig. 139 is a drawing of such an instrument. 
L represents a little, flat, cast-iron box, like a narrow 

one drum-head, as it were, being replaced by a 
Eited steel plate, so as to be strong and flexible, b is 

tube which enters the box. Mercury fills the box 
e tube to the level b, and when c, the centre of the 
Eited plate, is pulled or pushed, although you cannot 
ch yielding in c, you will observe the mercury rise 
il in the tube. There is a screw, d, entering the 

the back ; by means of this screw you can adjust 
ight of the mercury in the tube. The box is in 
itre of a circular table, e, which can be whirled 
at any speed we please, and the tube is exactly 
axis of rotation, so that the height of the mercury 

measured whatever be the speed. Fastened to 
Ltre of the corrugated plate at o is a long steel 
which is suppoi'ted at J on the end of a little 

so that it can move backward and forward with 
ction than if it were made to slide on a bearing. 
f place along f we can clamp a weight, H, which 
f alter as we please from 0*6 to 8 lbs. We can 
it near the axis or one foot away, the radius of 
:cle described by its centre of gravity being 
•ed by the scale marked on the rod. We have 

means of counting the number of revolutions 
per minute. Now, the centrifugal force due 

rod and sliding weight causes c to be pulled 

jry slightly, and this causes the mercury to 

the tube, and it is easy with a vertical 

&rmly attached to a neighbouring wall, but 

alongside the tube, to measure this rise and 
'. usually get a spring balance, or a cord, pulley 
dghts, and before my experiments begin I pull 



the end of the rod, F, noting the height of the meRiuT 
for a pull of 1 lb., 2 lbs., &c, and in this wa; I (Wt 
afterwards tell the value of mj scale measuremEnite 
I also inako a number of esperiments when the alidiug 
weight is removed from the rod, f, to tell me the centri- 
fugal force of everything else at different speeda, icd 
this I subtract from my subsequent obseFTB.tion£. Ton 
see, then, that I can measure the centrifu.gal force in 
pounds «f various masses, from 0'5 to 8 lbs., moving 
at any speed in a circle whose radius may be as little u 
1'5 inch and aa much as 11 '5 inches. With this 
inatniment it is easy to test the law which is usually 
given, and without working with some such instrumenti 
question if you are likely to have any but vague notioDB 
about ceutriiugal force. 

&36. There is another method of experimenting whic^ 
suggests itself, with apparatus which any one may fi3 
up for himself, but it does not give buoI 
a thorough understanding of the law U 
the person who. experiments. In Fig 
140, A is a leaden ball at the bdc 
of a silk thread, p A, fastened at P, 
A is kept out from its natural positioi 
in the vertical by means of a horizonta 
thread in the direction a b. Now i! 
you pass the horizontal thread, A b, ovei 

_^ a pulley and hang a weight at its end 

^ you will find that the force acting u 

A B is to the weight of A as the dietano 

Fig. 14ft K A is to the distance K P. * Now wop 

pose the weight of A to be 4 lbs., tbi 

height, p K, to be 8 feet, and the distance, a k, 1 foot, ttiei 

• The body, A, u acted upon by threa foreea ; its weight dowiH»»rf 
in the dlrectios An, the borizanta) force, A B, and the pufi in the string 
A p. The triRDgle of foreea (Art. 2) tella lu thiit ai A K F i( i 
triangle whose aides A s and K P and P A are parallel totbethre 
' lea, then the horiEontal force, acting in A B, ia to the verticAl foic 
' a the weight of A, aa tlie diituue K A ia to the diatuiB 
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A X ii ono-eighth of x r, Mid we an mre that the huri- 
MDDtal force needed just to keep a ib this position is 
0-5 lb., for it muat be one-eighth of the weight of a. 

Kow let Bocdi a ball as a, bung by a thread, p a, 
go round and round in » circle. Measure us accurately 
M yon can K a, the radius of the circle, and k p, the 
veriiaal height from the ball to ^e pouit of euspensioiL 
Also meuure how many revolutiana the ball nudcea per 
ttinata. The centrifugal force is now doing what the 
tunizonbd atiing did before^ and we know how much it 
is. In &tct, the centrifugal force is obtuined by multi- 
plying the weight of the ball by k a, the radius of itB 
<iirole,tuid dividing by the vertical height, s p. You can 
toet if the centrifugal force law is true, therefore, by 
Kxteana of yonr measurements.* 

8S7 Tnction. — When one surface sbdes on another, 
Uiere la & force resisting the motion. This foice is found 




to be equal to the force pressing the surfaces together 
multiplied by a number which muat be found experi- 
mentally for different kinds of suriaeea. It may be 



tt the ordiiuuj pendulum it equal to the vertictil height ttiaa A to 
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found experimentally as follows: — In Fig. HI,* 
presenta a table, the upper level Bur£ace of wliich U 
wood, iron, brass, or other material to be exjierimentel 
upon. Wo usually experiment on smooth sur&«(». o a 
a little slide made of any material whose coefficient of 
friction we wish to find. Different weights maj be 
placed on it. The wtsight of the slide, together wilh 
the weight lying upon it, ia the total force presaing 
the two surfaces together. C is pulled by the weight, 
W, hung from a string, passing over a pulley worldiig 
on very frictionlesa pivots. The weijjhb, w, which wiD 
just cause the slide to keep up a slow, steady motion 
on the table, is taken as a measure of the Mctioa* 
Of course, however, it really includes the fiiction of 
the pulley, but this is usually neglected, as it is smalL- 
It is found necessary to start the slide by giving * 
little jerk to the arrangement, as, when one of th» 
surfaces ia of wood, the friction when the slide is motion — 
less is somewhat greater than when it is moving. Thi^ 
is one of the most instructive experiEuenta which can b<^ 
mode ia mechanics, and I hope that every reader will mok^ 
a series of observations. Let him correct his results by 
means of squared paper, and he will find that the friction, 
is a constant fruclion of the force pressing the surfaces 
together. This fraction is called the " eoe^leient qf 
friction." I give its value for a few surfaces. 



Oako; 



TlOf D 



It is very interesting, after determining the coefficient 
in the case of a certain pair of materials, to diminish the 
size of the slide. Tou will find that uulesa you diminish 
it BO much that the pressure actually alters the surfactt 



b from being quite plane you will get pretty 
same result. You will also find tli.it, whether 
11 of the slide is quick or slow, if your weight 



You will 
nstrnctive 
nent with 
ce of appa- 

Fig. U2, 
Ideaigned 
. to mea- 
I friction 

aliderB of 
materials 

Here we 

lley with a 
Doth outer 
Ou thia 

!htly cou- 

nlley. On this slide we cau hang different 
the arrangement shown in the figure, and. 
can only move a small distance in any dii-ee- 

acoount of four guards. Suppose now that 

tead of naing a cord and weiglit, wb move the slide hy 
able more and more from the horizontal, the slide getting 
J (hove Co start it, let the inclination of the table be found 
rhen.the weight of the boiif itself i> jttet able to keegi 

motion. The tangent of the angle of inelinalFion of the 
thii ocours oau bo fonnd in a book of nuitlicmuticai tabtsH : 

be oqnal to the WM^flicient of friction, Thia methort o( 
ing iji mueh eaaier and is more exact than the other, but 
liutnictire. 
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the pulley rotates in the direction of the arrow, Fricto V 
causes the slide to move in the direction of the arrow 1* 
until it is brought up by the guard. Now let weiglit* V 
be placed in the scale-pua, D, until the elide is heM in> 1^ 
position half way between the guards. Evidently tlii I' 
force of friction between the slide and the rim of the i 
pulley is just balanced by the weight in the scale-pan. 1 
With this apparatus yon can not only find the coeffidenl 1 
of friction for two rubbing surfaces easily, but you can 
very quickly vary your experiments, Eun the piiUey at 
various epeeda, and you will always find much the same 
value for the coefficient of friction. Again you will find 
that the friction ia proportional to the load on the elider- 

But with an apparatus of this form you will b^ 
nble to get very useful information of another Idnd- 
I have shown the elide as fitting the surface of th^^ 
rim of the pulley. Now let it be flst, or even oonvejt- 
We have reason to believe that when the rubbing surfac^^ 
becomes altered in shape by the pressure applied to it,^ 
the coefficient of fiiction is not quite the same for al^ 
pressures. By using slides of diiftrent forms, you wilW 
he able to submit this notion to actual experiment. I do^ 
not think that any person has carried out the idea,,— 
and, in this respect, it is like a great many other vaguer 
notions — namely, it la waiting for my readers to experi — 
ment ujKjn it 

S39. As it has been found that with some kinds o^ 
mateiial the slaCical JHction^^tha,t is, the fiiction which — 
resists motion from rest — is lomew/uU greaief than th^ 
friction of the surfaces inhen actually moving, experi — 
ments have been made to determine whether, at very 
small velocities indeed, with such materials, there is not^ 
a gradual increase in the friction. It is known thaW 
at ordinary velocities the friction is much the same as at^ 
a velocity of *01 foot per second. We have reason to> 
believe thiit with metah on Tnelali there is the same 
friction at all velocities, even down to one-five-thouaandth 

, foot per second, whereas with metals on wood the 
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fiictiitm increases gradually as the Telodtj diminishes, 
until when the velocity is 0, the friction is what we call 
fttatio friction. Again, at very high velocities it has been 
fimnd that there is a very decided diminution of the 
ooefficient of friction between a cast iron railtoay brake 
and the wrought iron tyre of a wheel. The coefficient was 
•33 for very dow motion, '19 for a speed of 29 feet per 
seoofndy and *127 for a speed of 66 feet per second. It 
lias also been observed in these railway brake experi- 
ments that when a certain pressure is applied for a short 
space of time the friction diminishes. All such results 
CU9 these, however interesting they may be to the railway 
engineer, tell us nothing about what I have hitherto 
called friction, because I have supposed the rubbing 
surfaces to remain unaltered, whereas these railway 
l>rakes are rapidly worn away, and the efects of ahraaion 
and polishing are of an utterly different kind from the 
effects of friction of which I have hitherto been speaking. 
840. You- must remember that although friction leads 
to waste of energy, all the energy spent in overcoming 
'friction being converted into another form of energy 
called heai^ st^ friction is often very nsefdl. The weight 
testing on the driving wheels of a locomotive engine 
multiplied by the coefficient of fiiction between the 
wheels and rails represents the greatest pull which the 
engine can exert upon a train. Suppose the weight on 
the driving wheels to be 15 tons ; the coefficient of 
friction of wrought iron on wrought iron is about 0*2, 
hence the greatest pull which the locomotive can exert 
is 15 X 0*2, or 3 tons. If the train resists with a greater 
force than this, the driving wheels must slip ; if the train 
resists with a less force than this, there is no slipping, the 
wheels simply roll on the rails. Again, it is the friction 
between the soles of our feet and the ground that enables 
us to walk; friction enables us to handle objects ; friction 
enables a nail to remain in wood ; friction keeps mountains 
from rolling down. 

24L Fluid Friction. — ^I have been considering the 
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fiiotion only between solid bodies, or eolid 
separated hj very thin layers of liquid subutanceB, i 
u oil or wnter. But the friction between liquids aita 
■olids or between liquids and liquids is of a very differait 
kind. If a man attempts to dive into water unskilfully, 
and falls prone, you know that the water offers a VBCJ 
considerable resistance to a change cf shape. (See Art 
193.) Now this is mainly ihs resistance that any body 
offers to being rapidly set in motion. If yon cam^ 
colliding against the end of the most frictionless carris^v 
you would aiao experience its resistance to being sud' 
denly set in motion ; whereas the constant steady* 
resistance to motion which the carriage eiperienc^^' 
when moving with a uniform velocity is called friotion---- 
What I wish rather to refer to is the resistance to th^^* 
motion of water in a pipe, the resistance to the etead^^ 
motion of a ship. 

248. Fig. 143 shows a hollow cylindric body, Vs^s' 

ipport«d so that it cannot move sidewise, and yet bc ^^^ 

that its only resistance to turning is due to the twist i^^^ 

would give the sus — — " 

pension wire, A. c c:^— ' 

is wat«r or other"^^^* 

liquid filling the an^ "" 

nular space between--^* 
the cylindric surf aces^^* 
D D and E E, and — ^ 
wetting both sides-^* 
of r. When the— ^ 
vessel D D B E is ro- — ■ — 
tated, the water-""" 
moving past the 
surfaces of F tends 
to make f turn 
round, and this fric- 
tional torque is re- 
to the wire. ' 
ft-ire givea 
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len, a measurement of the viscosity of 
quids, and investigations maybe made under very 
Cerent conditions. 

243. fluid friction may also be measured by similar 
d equal heavy discs of brass, which you can immerse in 
r, water, and oil, and hang by wires from the ceiling. 
on will observe that, when the suspension wires are 
isted and let go, the bodies vibrate like the balance of 
watch. But it is only the one which vibrates in air 
at goes on vibrating for a long time ; the one in water 
€ps up its motion longer, however, than the one in oil, 
owing that there is more frictional resistance in oil 
an in water, and more in water than in air. The rate of 
fhinution of swing or the stilling of the vibrations tells 

the viscous friction of the fluid. In fact, i^ by means 
a pointer or mirror attached to the wire, you observe 
e various angular displacements, noting the time for 
ch, and then plot your observations on squared paper 
3 in Art. 187), you will find a curve of sines for the 
brations in air; aud for the different liquids damiping 
rveSj which show the effect of friction in the liquids, 
milarly, the rate of diminution of swing of the 
brating fluids in U tubes, one containing water and 
e other oil, tells us about the relative co-efficients 
viscosity of the liquids. (See Exercise, page 205.) 

244. From experiment, it is found that the force of 
ction in water is proportional to the wetted surfa<5e 
lere friction occurs ; it is proportional to the speed 
len the speed is small, but it increases much more 
ickly than the speed does. Thus, at the velocities of 
2, 3, &c.y inches per second the friction is proportional 
the numbers 1, 2, 3, &c., whereas at the velocities of 
2, 3 yards per second, the fnction is proportional to the 
imbers 1, 4, 9, &c At small velocities, such as the above 
mtioned cylinders experience, three times the speed 
)ans three times the friction; whereas, at great velocities, 
sh as those of ships, three times the speed means nine 
more times the friction. You see, then, that friction 




in fluids is proportional to the speed when the speed is 

Bmall, to the sqiiare of the epeed when the apeed i* 

greiiter, and at still greater speeds the friction increBse* 
ire rapidly than the square of the speed. Eve**" 
sucli a Uuid as air, the resistaiice to motion of a riH^^ 
bullet is proportiow*^ 
to the cube of th^^ 
speed. That is, a bul- "^ 
let going at twice th^^^ 
velocity, meets wilt^^^ 
eight tLmes the fric — — 
tional reaiHtance fron^*-^ 
the atmosphere,.——- 
Again, it has bLUi^*"^ 
found that the frictioi^e^ 

is much the same whatever be the pressure. Thus i 

ia found that when the diac and liquid apparatus is plac 

in a partial vacuum or under oonsiderable ] 

there is exactly the same 

stilling of the vibrations, 
Tliis fact is illustrated 

by the apparatus, Fig 144, 

Water tends to flow from 

veaael a to vesae! b, through 

the long tulie. Whether 

the tube ia in the position 

shown in Fig. 14t, or in 

the position Fig. 146, or 

is acting aa a syphon, we 

■find the s^me flow thi-ough 

it ; the same quantity of 

watev passes through it per 

second, although the prea- 

Bure of the water in the 

tube in the position Fig. 145 is very much greater tha 

in the position Fig. 144, or again when the tube ii 

iTfphon. The comparison is most readily made „ 

observing how long it takes for a certain change of leveb 




Fig. 1«. 
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to take place in the two vessels, repeating this several 
times with the tube in various positions, beginning and 
ending each experiment with the same difference of levels. 
Again, fluid friction, for even considerable velocities, 
does not seem to depend much on the roughness of the 
solid boimdary. This seems to be due to the fact that a 
layer of fluid adheres to the solid surface and moves with 
it Even when the disc of Art. 243 is indented, or when 
large grooves are cut in it, we And practically the same 
Mctional resistance. 

245. Comparison of tlie Laws of Fluid and Solid 

Friction, 



Friction between Solids. 



1. The force of friction does 
not mnch depend on the velo- 
city, but is certainly greatest at 
■low speeds. 

2. The force of friction is 
proportional to the total pres- 
sure between two surfaces. 

8. The force of friction is in- 
d^)endent of the areas of the 
mbbihg surfaces. 

4. The force of friction de- 
pends very much on the nature 
of the rubbing surfaces, their 
roughness, &c. 



Fluid Friction. 



1. The force of friction very 
much dex)ends on the velocity, 
and is indefinitely small when 
the speed is very slow. 

2. The force of friction does 
not depend on the pressure. 

3. The force of friction is 
proportional to the area of the 
wetted surface. 

4. The force of friction at 
modt^rate speeds does not depend 
on the nature of the wetted 
surfaces. 
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RULBS IN MENSURATION. 

An area is found in square inches if all the dimensioit^ 
are given in inches. It is found in square feet if aL^ 
the dimensions are given in feet. 

Area of a paraUdogram. — Multiply the length of on< 
side by the perpendicular distance from the opposi 
side. 

The cerU/re of gravity of a parallelogram is at th< 
point of intersection of its diagonals. 

Draw a righirangled triangle; measure very accurately 
the lengths of the sides. You will find tha^ no matter 
what scale of measurement you use, the square of the 
length of the hypotenuse is equal to the sum of the 
squares of the lengths of the other two sides. 

Area of a triangle. — Any side multiplied by its 
perpendicular distance from the opposite angle and divided 
by two. 

The centre of gravity of a triangle is found by joining 
(Fig. 146) any angle, A, with the middle point, D, of the 

opposite side) b g, and making d g one- 
third of D A. G is the centre of gravity. 
Area of any irregular %ure.— 
Divide into triangles and add the areas 
of the triangles together. 
Piff 146 Ci/rcwmf&rence of a circla — Multiply 

the diameter by 3*1416. 
Arc oi a circle. — From eight times the chord of half 
the arc subtract the chord of the whole arc, one-third of 
the remainder will give the length of the arc, nearly. 
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Area of eirde. — Square the radius and multiply by 
3-1416. 

Area of a sector of a circle. — Multiply half the length 
of the arc by the radius of the circla 

Area of a segment of a circla — Find the area of 
the sector having the same arc, and the area of the 
triangle formed by the chord of the segment and the 
two radii of the sector. Take the sum or dilference of 
these areas as the segment is greater or less than a 
semicircle. 

Otherwise, for an approximate answer : — ^Divide the 
cube of the height of the segment by twice the chord, and 
add the quotient to two-thirds of the product of the chord 
and height of the segment. When the segment is greater 
than a semicircle, subtract the area of the remaining 
segment from the area of the circle. 

The areas of Indicator Dia,gramri8 amd such curves 
may be found by Simpson's rula — Divide the area into 
any even number of parts by an odd number of equi- 
distant parallel lines or ordinates, the first and last touch- 
ing the bounding curve. Take the sum of the extreme 
ordinates (in many cases each of the extreme ordinates is 
of no length), four times the sum of the even ordinates, 
and twice the sum of the odd ordinates (omitting the 
Urst and last); multiply the total sum by one-third of 
the distance between any two successive ordinates. 

Sv/rfoLce of a spJiere, — Multiply the diameter by the 
circumference. 

Sxnface of a cylinder. — Multiply the circumference 
by the length, and add the area of the two ends. 

Surface of any right pyramidal or conical body, — 
Utiultiply half the circumference of the base by the slant 
side, and add the area of the base. 

Lateral surface of the frustum of a right cone. — 
Multiply the slant side by the circumference of the 
section equidistant from its parallel faces. 

Area of an ellipse. — Multiply the product of the 
mi^ior and minor axes by *7854. 
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The euhio conterU of a bodj is ealenlated in cab^ 
inches if all the dimensions are given in inches ; in cub^^ 
feet if all the dimensions are given in feet. 

Cubic content of a plate, — ^Multiply area of plate t^^ 
its thickness. , 

Cubic content of a sphere. — Cube the diameter 9jm^^ 
multiply by -5236. ^^ 

Cubic content of the segment of a sphere. — Subtrac^^ 
twice the height of the segment from three times th^ 
diameter of the sphere ; multiply the remainder by th 
square of the height, and this product by '5236. 

The cubic content and surface of a sphere are eac! 
two-thirds of that of the cylindric vessel which jus- — =* 
encloses it. 

Cubic content of any prismatic body (Fig. 147). 
Multiply the area of the base by the perpendicular heigh 
This wUl give the same product as, Multiply the 
of cross section by length along the axis of the prism (th 
axis of a prismatic body goes from centre of gravity 
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base to centre of gravity of top). The centre of gravity 
of a prismatic body is half way along the axis. 

Cubic content of any pyramidal or conical body 



Appeadix.1 



USEFUL BULES. 



255 



(Big, 148).-— Multiply the area of the base by one-third 
of tihe perpendiculiur height 

Centre of gravity is one^uarter of the way along the 







Fig. 148 

itxis from the base. (The axis of any such body joins 
the centre of gravity of base with the vertex.) 

The cubic oont^t of the rim of a wheel is found by 
multiplying the area of a cross section by the circum- 
ference of the circle which passes through the centre of 
gravity of the cross section. 

The weight of a cubic inch of cast iron is about 
0'262 lb. ^e weight of a cubic inch of wrought iron 
is about 0*28 lb. ^e weight of a cubic inch of brass is 
about 0-303 lb. 

Hence, to find the weight of a cast iron body or 
a wrought iron body, or a brass body, first find the 
content in cubic inches and multiply by one of the above 
numbers, and we get the weight of the body in pounds. 

Very often it is only the approximate weight that is 
▼anted ; so that a moulder may know how much metal 
to melt, or for other purposes. 

Now suppose we want the approximate weight of a 
cast iron beam. Find roughly the average section, and 
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get its area in square inches, multiply by the lengt 
in inches, add to this the cubic content of any litt3 
gusset plates or other excrescences. Multiply by -262 
and we have the weight in pounds. 

You will find tables of specific gravities in man_ 
books. The gpecifie gravity of a substance means if 
weight as compared with the weight of the same bulk c 
water. Now, it is known that a cubic foot of vatei 
weighs very nearly 1,000 ounces, or rather 62'4 Ibe 
The specific gravity of brick varies from 2 to 2'167 
and therefore the weight of a cubic foot of brick vans 
from 2 X 1,000 or 3,000 to 2-167 x 1,000, or 2,161 

The specific gravity of cast copper is 8-6, andtherefon 
a cubic foot of cast copper weighs 8'6 x 1,000, or S,60( 

We see, then, that from a table of Bpecitio gravities wi 
can get the weight of a cubic foot of a substance, an( 
therefore if we know the cubic content of a body formet 
of this substance we can calculate its weight. 

YKtiana plana for saving labour in calcuUilion su^es 
themselves to people working at any particular trade 
For instance, if a pattern has no prints for cores, thi 
weight of the pattern bears nearly the same proportioi 
to the weight of the casting as the weight of a cubi< 
inch of the wood beara to the weight of a cubic inch o 
cast iron. This is not quite true, because the pattern ii 
a httle larger than the casting. 

The arrea of an irregular figure may be obt&inec 
approximately by cutting it out of a uniform sheet o; 
cardboard and weighing it. Now cut out a rectangle oi 
square whose area it is easy to calculate. Weigh thii 
also. The areas are in the same proportion as the weights 
The area of oroea section of a fi7i« wire can be de 
termined with some accuracy by weighing a considerabh 
length of the wire, dividing by the weight of the materia! 
per cubic inch, and dividing by the length of' the wire in 
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A BSOBFTIOK dynamometerd, 37, 

Acceleration, Definition of, 225 

— — — angular, 236 

— fai pure harmonio motion, 181 
Advantage, Mechanical, 14 

of TarioTts niachinea, 13—26 

Algelnra, Neoessity for knowledge 

of, 2 
AUoya of oopper, 85 
Alternate pnU and pnsh. Effect of, 

05 
Amplitade of a vibration, 201 
Angle, Definition of, 235 
• Cosine, sine and tangent of, 235 

— of twist, 81, 98 

— BOi^ntnuit, a weak point, 82, 09 
Angnlar acceleration. Definition of. 



— motion and linear motion, oom* 
paced, 236 

— Telo<^, Definition of, 2S5 
Annealing, 83, 8* 

i^rparatna for oentrifogal force ez- 
periments, 240 

— — fluid friction experiments, 248 
'^ — Idnetio friction experiments. 



Arbor of spiral spring. Forces aotfaig 

on, 107 
Aroh fitted to withstKDd fluid 
lU 

B 



Aroh, Fuller's method of drawing 
link polygon for, 164 

— How load is distributed over, 
162 

— ring. Forces at section of, 129 
Arched rib in unstable equilibrium, 

161 
Attwood's machine, Arrangement 

of, 41 
Axes of oscillation and suspensioi 

interchangeable, 197 

— Princiiml, of an ellipse, 144, 258 
Axis, Neutral, 105 

passes through the oentre of 

gravity, 105 

— of oscillation, 195 

— of susi>en8ion, 195, 217 

— permanent. Meaning of, 219 

Necessity for, 219 

Axle, Friction of, IS 

— > wheel and. Mechanical advantage 
of, 20 



D ALANCE of watch, how compen- 
sated, 194 

Motion of, 198 

Bule for periodic time of, 

193 
— weights on wheels of locomotive, 

221 
Balsnoing of madhines, 218, 219 
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BftlMifting of looomotiTe, BuIm fott 



BftUistio pendnliun, 217 

Beam, Behayionr of whan, loaded, 

101 
~ Defleotaon of, 116, 128, 146 
— Table of Taliiee, 116 

— ^^ FormultB for, 122, 128 

— fixed at ends, 113, 119 

— flanges to resist bendusg momflnt, 
54,106,115 

~ loaded in varioos ways, 116 — 
119 

— Methods of supporting, 118 

— of uniform strength., 119 

— Bule for breaking load on, 120 

— Strength of similar, 134 
Bearings of shafts. Friction at, 12 
Pressure on, due to centri- 
fugal force, 218 

Beedi timber, 78 

Behaviour of materials when over- 

strained, 63, 100, 193 
Belt, Difference of pulls fai, 82 

— Horse-i>ower transmitted by, 82 
Bending, 100 

— and twisting, Belati<m between, 
for cylindrio shafts, 112 

— moment, 106 

at section of beam, 104, 106 

Diagrams of, 144, 146 

— How to draw, for loaded 

beam, 114 

Table with, 116, 118 

in a spiral spring, 168 

Iron flanges of beams to resist, 

115 

of india-rubber beam, 101 

Bifilar suspension, 200 

Blow, 228 

~ Effect of, 206 

•^ Motion prodaced by, 211, 216 

Bodies, falling, Laws of, 39, 40 

Boilers, Bule for bursting pressure 

of,ao 



BoUen, Strength of spberioal, 6D 
Boaer-plates, Biveted, 60, 88 
Braes, Composition and use of, 85 
Breaking load fen: beams, how eako^ 

]ated,120 
— struts or columns, Builei 

for, 181,133 
Bricks, Manufiaotuze of, 72 
— Characteristics of good, 72 
Rconxe, Composition and use ofi 8^ 
Bulk, Modulus of elasticity of, K* 

87,58 
Bullet, Yelooity of^ how measoiQ^ 

218 
Buttresses, 165 



/^(ANDLE and board ezperimfltfL^* 

213 
Carbon in cast iron, 80 

steel, 84 

Case hardening of iron, 84 
Castings, 80 

— Chilled, 83 

— Malleable, 83 

— The cooling of, 81 
Cast Iron, 80—83 

beam. Flanges in, 54, 115 

Closeness of structure of, 66, 

Effects of carbon in, 80 

Factors of safety for, 121 

Grey, 80 

Modulus of elasticity of bulk, 

E, for, 57 
Strains in, due to inequality in 

rate of cooling, 82 

Strength of, 68, 69, 131 

— • - Struts of, 54, 130 

Toughened, 83 

White, 80 

Cedar timber, 78 

Cement, 72 

Centre of gravity, 258 

— graphically determined, 141 
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>f grayily of section of bent 
is in the neutral axis, 106 
of wheels should be in axis 
ition, 219 

Ordinary formula for, 142 
>f percussion, 195 
how found, 217 
of oscillation and snspen- 
nterchangeable, 197 
igal force, Apparatus for ex- 
anting on, 240, 242 
ifinition of, 239 
Sffeots of, on bearings of 
, 218, 239 
lie for, 220, 239 
Loaded, How to draw the 
in which it hangs, 160, 161 
ry, Useful, 70 
?itch, of spur wheel, 27 
nt of friction, 35, 244 
3,53, 54 
±ag stress for. Table of, 

>n*s rules for strength of, 

3 

w cylindric, of cast iron, 

break by bending, 54, 130 
) of breaking varies with 
,130 

btion of pure harmonic ma> 
189,192 

son of laws of fluid and 
fiction, 251 

lear motion and angular 
1,236,239 
iation balance of watch, 

.lum, 185 

id harmonic motions, 
of, and how plotted, 190 — 

how produced, 189, 190, 192 

lum, 194 

le for time of vibration, 195 



Compression of struts or oolamns, 

53, 58, 130 

loaded beam, 102, 129 

Concrete, Composition of, 73 

Conglomerates, 71 

Conical pendulum. Method of ex- 

perimenting with, 212 

Motion of, 179, 192 

Conneoting-rod and crank, Motiona 

of, 2&-30 

Centrifugal force of, 220 

Constraint of spiral spring, 197 

twisted wire, 199 

Conversion of energy, continual, 40^ 

187 
Cooling of castings, 81 — 83 
Copper, Alloys of, 85 

— Propertied and use of, 85 

Cord, friction between post and, 33 

—35 
Core used in castings, 81 * 

Correction of errors in e^)eriments, 

10 
Couple, Definition of, 232 

— equivalent to a system of f otom, 
140 

Couplings, 31 

— Dynamometer, 31, 36 
Craue, Efficiency of, 16 

— Friction in, 15 

— Law for, 17 

Crank and connecting-rod, 28, 220 

travel of piston, 233 

Curvature, 223. 

— Change of, in a spiral spring, 
167 

— of bent beam, or strip, 108 
Curve, Elastic, 109 

— of loaded chain, 160 

sines, how drawn, 189, 200 

interpreted, 200 

traced by pendulum bob, 

201 
Curves showing elastic limit of 

loaded beams, 55, 128 
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Cutting and chipping, 65, 207 
Cycloidal teeth give uniform motion, 
27,28 



TRAMPED vibrations, Law for, 

201 
Damping of vibrations. Investiga- 
tion of, 201 

Bepresentation of, 204 

Decimals, Necessity for student to 

know, 1 
Deflection of beams, 122- -128 

Curves showing, 127 

Examples of, 123, 125 

FormnltB for, 122, 128 

loaded and supported in 

various ways; table of relative 

values, 116—118 

method of measuring, 124 

of different materials, table, 

121 
whose sections are not rect- 

angular, 126 
similar beams similarly loaded, 

134 
Diagram of bending moment, 144 

Table of, U6— 118 

Link polygon, 164 

— Examples of stress, 155 
Differential pulley-block. Mechani- 
cal advantage of, 19 

Diminution of swing, Bate of, a 

measure of viscosity, 199, 205, 

249 
Discharge of water from orifices 

and pipes, 76, 77 
Discs, Experimen-^B with, 205, 249 
Distribution of load on an arch, 

162 
Drawing, Experience to be gained 

by. 28 

— instruments, necessary for sta- 
d«nt.l 



Drawings, Skeleton, 28>80 
Dynamometer coupling, 31 
Dynamometers, Transmission u^ 
absorption, 3&— 38 



E, 



YOUNG'S modulus of ebstt* 
city, 54, 69, 92 
Earth, Pressore of, against a wsU, 

73,74 
Eccentric-rod, 29 
Edge, Be-entrant, ought to ba 

rounded, 82, 99 
Effect of friction, 6 

a blow, 206 

EfBlciency of machines, 16 
Elastic curve, 109 

how drawn, 110 

Examples of. 111 

Elastic strength, 55, 59, 62 
Elasticity affected by state of strain 

62, 63, 99, 100 

— Law of, 55, 128 
^ Limits of, 55, 100, 128 

— Modulus of, of bulk, K, 57, 
92 

Table of values, 57 

Electricity, Some knowledge 

useful, 70 
Elm timber, 78 
Ends fixed. Strength of beams wi 

113, 119, 120 

Columns with, 133 

Energy communicated by a h\* 

how calculated, 216 

— Communication of, dependent 
shape of body, 212 

— Continual conversion of, 40, 1£ 

— Indestructible, 6, 39, 234 

— in pile-driver, 208 

rotating body, 42— SO, 287 

how determined, 45 

--> — waterfall, 6 

— Kinetic, 38-60, 7£^ 234, 237 
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Energy, Lom of, due to ftiddon, 
U— 14 

— Potential, 88-40^ 75, 284 

— Storage of, daring impact, 212 
Store of, in water, 75 

-^ wasted in fluid friction, Cole for 

finding, 76 
Eingine, Locomotive, Iwlancing of, 

220 

— Steam, fly-wheel for, 50 
giving out energy, 26 

Indicated horse-power of, how 

found, 233 

Bquilihrant of two or more forces, 
137,229 

EqniUbrium of forces, 8, 139, 159, 
229 

Equivalent simple pendulum, 194 

Escapements, 188 

Experience gained 1^ making skele- 
ton drawings, 28 

Experiments, Necessity for, 8 

Extension, 51-^ 

— of part of loaded beam, 102, 106 

— of similar and similarly loaded 
rods, 134 

— of spiral spring, experiments, 
174 

— — wrought iron tie-rod, example, 
* 58 

-^produced by load suddenly ap- 
plied, 63 

— proportional to load which pro- 
duces it, 52 



^ACTOB of safety, 120 

— — — Table giving usual values 
of, 121 
Ruling bodies. Laws of, 39—40 
^■atigue of materials, 63, 100, 193 
figures. Properties of straight- 
line, 146, 147 
-— Beciprocal, 148 



Firwoods, 77 

Fixed ends. Beams with, 113, 119 

Struts with, 133 

Flanges in beams and girders, 54, 

106, 115 
Flat plates. Strength of, 133 
Flow of water in pipes and pomps, 

75,77 

from an orifice, 76 

Fluid friction, 75, 199, 247—251 
Apparatus for investigating, 

248 
Laws of, 251 

— pressure, 59, 61, 74, 75, 111 

Arches to withstand. 111 

Fly-wheels, Calculation of the size 

of, 48-50 
Foot-pound, 12, 232 
Force, Centrifugal, 218, 239 

— how represented, 136 

— Moment of a, 23, 229 

— polygon, 137, 139 

— Shearing, in beams and girdero, 
104,114,129 

Forces acting at a point, 136—140, 

159,228 
ou arbor of spiral spriog, 167 

— Equilibrium of, 3, 137, 139, 229 

— Polygon of, 4, 137. 229 

— Triangle of, 3, 229 
Friction and abrasion, 247 

— a passive force, 4-^ 6, 243 

— appaiatns, 245 

— at bearings of shafts, 12—14 

— between cord and post, 33—35 

— Coefficient of, 35, 244 

— Effect of, as distinguished from 
force of, 6, 11 

— Experiments on, 7—10 

— force of, 11,' 13 

— in fluids, 75, 199, 247, 251 
measured by heavy discs, 

205,249 

machines, 5—17 

parallel motion, 18 
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Friotioii in quick-moving gbafts, 14 

— E:inetio less than statical, 246 

— Law of, 4, 10, 15 

— Laws of fluid and solid, com- 
pared, 251 

— Loss of energy due to, 11—17, 89, 
247 

— ncTer negligible, 44 

— oi metals on metals, 248 
wood, 247 

— often usolul, 247 

— proportional to pressure, 11, 248 

— wheels, IS 



/XA.TES used in casting, 81 

Geology, Principles of useful, 

71 
Girders (see Beams) 
Glass, Composition and properties 

of, 79 
— Toughened, 80 
Graphical statics, 185—166 

Mr. Bow's notation in, 150 

Gravity, Intensity of, how found, 

195 
Gun metal, 85 
Gun, Recoil of, 209 
Gyration, Radius of, 144 
Gyrostat, 215 



TJABMONIC motion. Pure, 29, 

179 
acceleration at any i>oint, 

181 

Examples of, 180 

of liquid in U tube, 186 

— — spiral-spring weighted, 

183 
periodic time, Bule for flnd> 

ing, 182 
Representation of, 180 
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Harmonic motion, Pure, velooitij at 
any point, 180 

— motions. How to combine, 180> 
190 

plotted, 190 

Heat, Elementary principles of iue> 

ful,70 
Heavy disc vibrating in flaidfl, SHk 

240 

Hinged structures, 146, 149 
Calculation of stresses is* 

148 
Horse-power, 16, 283 
of steam-engrine, how infr 

oated, 233 
^ — transmitted by belt, 32 
shafts, 26-80, 237 

— — toothed wheels. 133 

— through coupling, b^'" 

measured, 31 
Hydraulic press, 25, 26 
Hydrostatic arch. 111 



TMPACT, average force of, 206 
— mean pressure during, 211 

— mutual pressure during, 206 

— of two free ivory balls, 211 

— Total momentiun unaltered 
208 

Lnp'ilse and blow, 206, 206, 239 
Incliaed plane, 17, 18, 20 
Lidia-rubber beam, Bending of, 1^ 
Indicator diagram, 233 
Inerti >., Moment of, 46, 105, 236 
for rectangular or circu 

section, 107 
«• greatest and least for 

area, 144 
JQitemal strains due to contraotic::::^^^^^'' 

in cooling, 79—83 

at sharp comers, 82 

Iron, Annealing of, 88, 84 

— Cast, 80-88 
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T^ronght, Yarietiee and pro- 

es of, 83, 84 

}]iism of spiral springs, 170 



IS, ££Fect of stiffness of, 156 
masonry. Middle third of, 
.63,166 

rch. Link polygon nearly nor- 
x>, 163 

;ractares. Stresses at, 149 
bed, Stren^ of, 88 
mails in wooden, 78 



iINQ wire. Meaning ol, 62 
Linetio energy, 38—^, 234, 

mverted into potential, 40, 

;ored up in any machine, 50 
— in water, 76 
ion apparatus, 245 



3EB, Forces acting otn a^ 

aphically determined, 141 

timber, 77 

r a machine, 17 

loments, 23, 230 

- applied to stresses at section 

aded stractnre, 158 

ork, 17, 23, 231 

connecting variable things, 

found, 7, 10 

aiing bodies, 39, 40 

lotion between solids, 251 

nid friction, 251 

iurface, Definition of, 223 

23-26,232 

x>ne8. Compact and granular. 



Limestones, Pure and hydraulic, 78 
Limits of elasticity, 55, 100, 128 
Linear motion and angular, oom> 

pared, 236— 239 
Lines, and what they may represent, 

136 
Link motion, 30 

— polygon, 137 

a diagram of bending moment 

164 
for arch. Fuller's method of 

drawing, 164 
for minimum thrust at crown 

of arch, 164 
must c it joint of arch nearly 

normal, 163 

pole of, 138 

Liquid in a U tube, Harmonio 

motion of, 186 
Time of vibration of, 

187 
Load, Breaking, Bule for findingt 

120 

— carried by an arch, how distri- 
buted, 162 

— Live or dead, 113, 121 

— proportional to strength moda< 
lus, 106, 126 

— Similar»on similar structures, 134 
Loaded beam. Bending moment in, 

U4 

— chain of suspension bridge, 160, 
161 

— links. Stresses In, 159 
Locomotive engine. Balancing o^ 

220—222 

Considerations in designing, 

220 



^ OF A FLY-WHEEL, 44-« 

— of any machine, 50 
— ratio of values for similar wheels, 



40 
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M, Um d, in designiBg Hf-mbetiiM, 

48 
MMhinea, Balaaciiig of, 218 
~ EiBoieii<7 of, 16 

— in box, 5 

— Law for, 17 

— Heohanioal advantage of, 17—26 

— Steadiness of, 48 

Magnet, Time 5f vibration of, 200 

ICabogany timber, 78 

Hainspring in time-keepers. OfBoe 

of, 187 
Marble, Formatioa and ohaiacter 

of, 71 
Ibsonry aroh, 168 
Mass, Definition of, 228, 296 

— Beoiprooatiner, in locomotive, 
220 

Ifoterials, Behaviour of, when over- 
strained, 62, 68, 99, 193 

— Disposition of, in beams or 
girders, for strength, 106, 115, 
U9 

Mean pressure during impact, 211 
Mechanical advantage, 14 

of blocks and tackle, 17 

differential pulley-block, 19 

— hydraulic press, 26 

inclined plane, 18, 20 

— — — lever, 23 

screw, 18 

wheel and axle, 20 

Mechanics, method of study, 2, 28, 

71 
Mechanism, 26 
Miemel timber, 77 
Mensuration, Kales in, 252 
Metals, 80—85 

— Tables giving strength of, 68, 69, 
121, 131 

Middle third of joint in arch ring, 

130.163 
Modulus of elasticity of bulk, K, 57* 

58.92 
Young's, E, 54, 69, 92 



Mbdnlos of rigidity, H, m, fB, 

00,92 
Moment, Bending, 106, 104 
Diagrams of, 116— 118 

— of a force, 28, 229 

inertia, 46, 105, 107, 296 

— Formula for, 142 

— Foinsofs theosem rsgarilagt 

144 

— — momentum, defined, 29^ 83B 
Moments, Law of, 28. 290 

~~ Method of, applied to stresses is^ 

stmctures, 158 
Momentum, Definition of, 227 

— Total, unaltered by impact. 208 
Mortar, how prepared and why ^ 

hardens, 72, 73 
Motion, Communication o^ in S^ 

quids, 211 
Motion is either translation, zot^ 

tion, or both, 216 
•>— Linear and angular, compared, 2^ 

—239 

— Periodic, 179, 188 
Botational, 192 

— Precessional. Examples of, 215 

— produced by a blow, 216 
Moulds for castings. 81 
Muntz metal, 85 

Mutual pressure during impaoirS 
'206 






V'ATirBE of pure shear strain, 90^ 
91 

strain, 66, 57 

Neutral axis, defined, 105 
passes through oentre of gra- 
vity of section. 105 
Radius of curvature of, 108 

— line, 102, 105, 107 

— surfoce. 102 

Notation in graphical statics, Mr. 
Bow*s, 150 



IKDEZ. 



265 



imber, 78 

flee, Flow through, 76 
Ion* Centre of, 195 
ospension. Centres of, 107 



2, Squared, 7, 10, 15 

rallel motion. Friction of, 

I for moulds, 81 

m arranged to traoe cnrve 

»,201 

tic, 217 

bom's, for combining bor^ 

motions, 189, 190 

ensation, 185 

ound, 194 

al, 179, 242 

ralent simple, 194 

18 of gyration of, 19o 

le, 37, 184, 187, 194 

ae of vibration of, 185 

.on. Centre of, 195 

dow found, 217, 218 

\ motion, 179 

unplee of, 188 

tational, 192 

179 

le for finding, 183 

>alance of watch, 103 

mt axes in machmes, 

nty for, 219 

Cleaning of, 219 

>, 100 

•r bronze. Composition of. 



er. Energy in, 208 

Gordon's formulsB 
bh of, 131, 133 
of breaking, 130 
inds fixed, 131 
rounded, 133 
low of water in, 75 



for 



"PipoB, Bole fbir bnrstug premire 
of, 00 

— Strength of water, 50 
Piston, 28, 233 

Pistonrzod slide, Fxiotion of, 18, 
14 

— — Strength of, 65 

Pitch circle of spar wheel, 27 
~ of screw, 18 

teeth. Bole for, 138 

wheel teeth, 27 

Plane, Inclined, 17, 20 
Plates, Boiler, 60, 88 

— Strength of flat, 133 
Pole of link polygon, 138 
Polygon, Closed, 137 

— Force, 187 

— Link, 187 

— Unclosed, 187 

— of forces, 4, 220 
Potential energy, 38, 234 
stored up in water, 75 

conyerted into kinetic, 40^ 

187 
Power, meaning of the term, 15, 

233 (see Horse-power) 
Precessional motion, 215 
Pressure during impact, 206 
Pressure-energy of water, 75 

— Fluid, 59, 61, 75, 111 

— on bearings of shafts, 218 

— on teeth of wheels, 183 

— of steam on piston, how foand* 
238 

wind on roofs, 154 

Principal axes of an ellipse, 144 
Prints on patterns, 81 
Propeller screw, Exercise on, 19 
Puddling, 83 
Pull in belt, 82 

— how transmitted by wire, 51 

— in cord. Difference of, on two 
sides of J pulley, 4, 11, 32 

Pulley and cord, Friction betweosa 
83 
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Pnlley block, DUTerential, mechaoi- 

oal advantege of, 19 
Piimp«, Flow of water through, 75, 

78 
Fanohing and shearing, 88 
Pure harmonic motion ^^f piston- 

xod,89 
defined, 179 (aee Harmonic 

motion) 
— shear strain, 89 

how produced, 89 

Mature of, 90 



QUASI-BIGIDITT produced by 
rapid motion, 215, 216 
Qoatemions, 135 
Quicklime, 72 

Quick - moving shafts. How to 
H<Tni-n4ayi fnctlon in, 14 



JJADIAN, Definition of, 235 
Badins of Cnrvatiire, 223 

of any fibre in bent beam, 

how found, 108 

elastic curve, 110 

gyration, 141 

of pendulum, 196 

Ratio, Velocity, 6, 27 

Beaction of fluids, Application of 
the principle of, 209 

Reciprocal figures, 148 

Reciprocating mass in locomotive 
engine, 220 

Becoil of gun, 209 

Red pine, or Memel timber, 77 

Be-entrant edges or comers, weak 
points, 82, 99 

Relation between bending and twist- 
ing of cylindric shaft, 112 



Besilience of i^lindrio spbal spriogai 

176 
Besultaat, I>efinition of, 136, 228 

— force on joint of arch ring, 12It 
163 

— of a number of forces, how fonn^ 
137,138 

Bib, Arched, is in unstable equili- 
brium, 161 

Bigid bodies. Meaning of the term, 
108 

Bigidity, Modulus of, N, 87. 90> 
92 

— produced by rapid motion, 215 
Biveted joint may break in several 

ways, 88 
Bivet holes usually weaken titf 

metal, 88 
Bocks, granitic. History an^ 

dharaoter of , 71 

— stratified, History and charac*** 
of, 71 

Boof , Necessity for detail drawil^^ 
of, 155 

— Weight of snow on, 153 

— Wind pressure on, 154 
Boof • prlncii»al. Investigation 

stresses in, 150 — 15S 
Botating body. Energy stored up 

Botational periodic motion, 192 
Bound, Meaning of the t^rm, 
Bupert's drop, Cendition of 

glass in, 80 
Bupture produced hj shear 

88,89,96 
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Q AFETT, Factor of, 120 

— — — Table giving ufi»^ 
values ot, 121 
— valve. Weighted, 24 
Sandstones, Character of, 71 
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MEechanical advantage of, 

of, 18 

Her of Tessel, Exercise on, 

of Learn varied for uniform 

bh, U9 

ded beam or arch, resultant 

sses at, 128—130 

ictures, stress at, how oal- 

1, 157, 158 

nanent, 55, 100 

iylindric. Relation between 

g and twisting in, 112 

ength of, 96 

3 of twisting couple on 

nt sections, 97—99 

;s produced by wheels fixed 

rically on, 218, 219 

on at bearings of, 12 

juick-moving, 14 

er transmitted by, how 

red, 31—35 

leal rule for strength of, 

less necessary as well as 

th, 100 

onal vibration of, when 

litting power, 95, 101 

'A loaded beam, 145, 146 

— chain, 160 

eel teeth, 27, 28 

: and punching, 88, 89 

in beams and girders, 104, 

5 

pain, 86—101 

bure of, 90 

•e. How to produce, 86, 89 

td shear stress, Relation 

in, 92 

, 86—101 

endulum, 39, 184, 187, 1»4 

n angle, 235 

urve of, how drawn, 189, 

4 






Sines, Curve of, interpreted, 200 
traced by a pendulum bob, 

201 
Skeleton drawings instructive and 

necessary, 28—30 
Slide and piston-rod, 13, 14, 220 
Slide valve. Motion of, 30 

— rule. Use of, 136 

Solids, Laws of friction between, 

251 
Specific gravity. Definition and 
examples of, 256 

table of values, 68, 69 

Spherical boiler. Strength of, 61 
Spinning bodies, precessioual mo- 
tion of, 215 
Spiral spring, eylindric. Angular 
motion of, due to turning mo- 
ment, 178 

— — — Behaviour o^ when 
weighted, 178, 183 

— Elongation in different 

cases, 176 

in dynamometer coupliDg, 

31,35 

Investigation of the forces 

in a weighted, 173 

Experiment showing relation 

between extension of spring and 
twisting of wire, 174 

— Besilience of, 176 

Strength of, 176 

Twisting moments of, ex- 
perimentally determined, 197 

Ultimate elongation, 177 

; Work stored up in, 176 

Flat, Angle of winding propor- 
tional to couple in, 170 

Bending moment in, 168 

— — — Ohange of curvature of, 
167 

. Curve for turning moment 

of, 171 
Isochronism, how wmally 

obtained, 170 
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Bpizal spring, Fki, Taming mo- 
ment ptoportioaal to winding, 171 

Sqnared paper. Use ot, 7—10, 15, 
65 

State of strain affects elastio 
strength, 62, 63, 90, 193 

Statical friction, 246 

Statics, Qrapbical, 135-166 

Steadiness of llbcbines, 48, 219 

Steam<engine, Condensing and non- 
condensing, 50 

Fly-wheel for, 50 

giving out enexgy, 26 

indicated horse-power, how 

found, 233 

Steel, Carbon and imparities in, 
84 

— Strength of, 84 

— Tempering of, 06 

Stiff joints in stractores, 156 
Stiffness important in shafting, 100, 
101 

— of beams, how it varies with 
linear dimensions, 125, 126 

Stilling of vibrations, 200 
Stone, 71 

— An artificial, how made, 72 

— Preservation of, 71, 72 
Storage of energy during impact, 

212 
Store of energy in a moving body, 

39,75 
fitraight line figures, Properties of, 

146—148 
on sqnared pai>er. Meaning of, 

0,10 

what it may represent, 135 

Strain, 51-^ 

— enei^y, Storage and transmission 
of. 64, 65 

— in bent beam, proi>ortional to 
distance from neutral surface, 
102 

— Nature of, in a wire, 56, 57 

— proportional to stress, 53, 55 



Strains due to contractUm in oooIf 

ing, 79— 83. 
Stratified rocks, 71 
Strength and stiflEness of beam^* 

Tables giving, 116— US, 121 
best section of beam to*' 

106 

— Elastic, 59, 99—100 

— modulus for beams of differ0i> 
sections, 106 

— of rectangular beams, how 
varies with breadth and dept^ 
121,125 

supported at ends a* 

loaded in'middle. Table, 121 

— of columns, long and short, ISCP 
Gordon's rule for, 131^ 

133 

cylindric spiral spring, 175 

flat plates, 133, 184 

pipes and boilers, 59 — 61 

riveted joints in boiler plate> 

88 

shafts, 95—101 

similar structures similarl 

loaded, 134 
structures with stiff jointi 

156 

teeth of wheels, 133 

timber, 77, 78, 121 

— Table of, for different materials 
68,69 

Stress, 52—61 

— Amount of, anywhere in a section 
106,107 

— Breaking, for beams, 120 

columns or struts, 131 

— — table of values, 68, 69 

— diagrams. Examples of, 155 

— how represented, 135 

— tensile and compressive often re 
peated. Effect of, 65 

— working shear, 88 

Stresses at joints of structurea 
Methods of finding, 157, 158 
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StresBM in a hinged stmotnxe. Con- 
ditions for oalonlating, 149 

— — loaded chain of stuspension 
bridge, leo 

links, 159 

roof - principal, how deter- 
mined, 150— 153 

Strip of steel. Forms assumed by, 
100 

— Time of vibration of, 186 

— Vibration of, in two direc- 
tions, 192 
Strootnres, Hinged, 146—1-10 

— aimilfly and similaxlj loaded. 
Strength of, 134 

atnits, 53, 54, 150 
' — Gordon's roles for strength of, 
131—133 

— long. Modes of breaking, 130 

' — with ends fixed, aad hinged, 

131 

S^uddenly appUed load. Effect of, 63, 

64 
Supporting and loadu^. Effects of 

different methods of, 113, 116— 

122 
Suspension, Axis of, 105, 217 

— Bifilar, 200 

— bridge, Stresses in chain o^ 
160 

Symbols, Algebraic, 1 



rpACELE, Blocks and, mechanical 

advantage, 17 
Teak timber, 78 
Teeth of wheels, Gycloidal, 28 

r- like beams fixed at one end. 

183 

Pitch and number of, 27 

Bule for, 133 

Pressure on, 133 

Shapes of, 27, 28 



Teeth • of irilieels. Strength of. 

133 
Temperature, Effects of, on beams 

and sujyports, 113 
Tempering steel. Method of, 66 
Tensile strength of materials, 58, 

68. 69, 134 
Thrust at crown of aroh, 163, 165 
Tie-rod, 53, 150 
Timber, Ash, 78 

— beams. Strength d, 120, 121 
~ Beech, 78 

— Cedar, 78 

— DurabiUtyof,78 

— Ehn,78 

— Felling of, 78 

— Larch, 77 

— "Maiioganj, 78 

— Memel, 77 

— Oak,78 

— Preservation of, 79 

— Seasoning of, 79 

— Teak, 78 

— Warping of, 77 

— White fir or Norway spmoe^ 
77 

Time of vibration of balance of a 

watch, 193 
bar hung at end of a wire, 

199 

compound pendulum, 196 

liquid in bent tube, 187 

magnet, 200 

simple pendulum, 185 

— ■' spiral spring, 183 

— Periodic, of a pure harmonic 
motion, Bule for, 183 

Torque, Definition of, 231 
Torsional vibrations of shaft aad 

want of stiffness, 100, 101 
Torsion of shafts and beams, 93— 

101 
Transmission dynamometer, 35, 36 

— of power by belts and puUeyi^ 
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Ttansmiflsioii of pow« bj duifto, 

ao, 1X^101 

wheels, 87, 28, 188 

Btzain energy, 61» 85, 207, 81 1 

—214 
Triangle of foroes, 8, 21, 228 
Twist, Angle of, 81, 98 

— bow measured, 30, 81, 98-M 
Twisting and bending oombined 

in shafting, 100 
Relation between, 112 

— moment, 98—101 

Experimental investigr&tiou of, 

197—199 



TT TUBE, Yibtation of liquid in, 

^186,187 

Unclosed polygon, 187 

Uniform Telodty ratio giyen 1^ 

oydoidal teeth, 28 
— strength in beam, 119 
Use of elementary principles, 70 



•y ALVE, Safety, Example of, 24 

— slide. Motion of, 30 
Variable things compared, 7, 10 
Velocity, Definition of, 224 

— Angular, 235 

^at any iK>iat in ptire harmonic 
motion, how found, 180 

— of ballet, how measured, 218 

— ratio, 6, 27 

Vents, Use of, in moulding, 81 
Vertical line. Definition of, 223 
Vibration, Amplitude of a, 201 

— Nature of a, 40, 187 

— Time of, for simple i>endulum, 
185 

— Torsional, of a shaft, 101 



Vitoktions, Damped, Law for, 801 

— Investigation of damping ol^ 
801 

— Bepresentation of, 804 

— SUUing of , 260 

Viscosity measured by twist in wire, 
ld9, 248 

— BekitiTe, Example worked out, 
805 

Voussoirs, Pressure on, 162 



TIT ALL, Pressure of earth against, 
^^ 78, 74 

Watch balance. Motion of, 193 
Water&ll, Energy in, 6 
Water flowing through an orifice. 
Velocity of, 76, 77 

— Friction of, in pipes and pumps, 
75,76 

«— I*ressure of still, 74 

— pressure on any surface sub- 
merged, 74, 75 

— Quantity of, flowing through a 
pil>e, how calculated, 77 

— Total energy of, 75 
Waterpipes, Sfcrength of, 59, 60 
Weighbridge, Mechanical advantage 

of. 24 
Weight of a body, 223, 224 
Wheel and axle. Mechanical advan 

tage of, 20 

— Necessity for drawings of, 28 

— of locomotive. Balance weights 
on, 221 

— -teeth. Pressure on, 138 
Shapes of, 27 

White fir or Norway spruce, 77 
Wind pressure against roofs, 154 
Work, Definition of, 232 

— how measmred, 5, 6, 15, 16, 81, 
88^232,233 
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Work, Law of, 5, 17, 281 

— lost in friction, 11 — 17 

— Bate of doing, 15. 283 
Working stress, 50 
Worm and worm-wheel, 28 
WvoQght iron, 88, 84 



yOXJNG'S modulus of elasticity. 
B, 54, 89, 92 



^INC, Alloys of; with copper, 
85 



THE END. 
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